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ABSTRACT

The seismic source of three contained nuclear explosiohs in tuff at Pahute
Mesa is characterized by applying the moment tensor source representation to
near-field accelerometer recordings of the events. Propagation path effects
are accounted fdr in the study by generalized ray calculations for several
plane layered models. Synthetic seismograms generated from the predicted
sources model well the distance and azimuthal variations in the data. The
moment tensors are dominated by the isotropic component with the absolute
ratio of isotropic to deviatoric component varying between 2 and 20, depending
on the particualr Green's function. The isotropic sources indicate the proce-
dure is a good measure of relative yield while the absolute yield is dependent
upon the exact Green's function. Source time functions indicate the possibi-
1ity of a double pulse source separated by 1.0 to 1.5 seconds. This interpre-
tation is bounded by the fact that phase information is the least well resolved
in the study. In contrast, the stability of the spectral characteristics,
such as corner frequency, high frequency roll-off, and peak value suggest the

use of the moment tensor in the frequency domain for yield and discrimination

studies.




SOURCE CHARACTERIZATION

Given a set of observed waveforms from an explosion or, an earthquake and
knowing the propagation path effects of the geological material, a quan-
titative procedure for determining the source function in space and time is
desirable. The moment tensor source representation is such a formulation
(6ilbert, 1970; Gilbert and Dziewonski, 1975; Ba‘ckus and Mulcahy, 1976 a and
b; Stump and Johnson, 1977; Backus 1977 a and b;‘ Strelitz, 1977).

Assuming an explosion or earthquake source can be represented as a set of
equivalent body forces, then the source can be written as a series of moments.
For small sources or large wavelengths, only the first term of the series is

retained, and the displacement at any point and time can be written as:

&®
WeE) = Gy L630,0) My (%) (1)

Where Uy 1s the displacement in the k direction, Gyj is the Green’s function,
Mij is the moment tensor, 4 indicates derivative with respect to x5 and @
represents temporal convolution. A more complete derivation of (1) is given
in Stump and Johnson (1977).

In the frequency domain, the equation reduces to:

W) = G uef 0,0 Mij2.f) 2)

h)
Knowing the propagation path effects (6yi j), one can determine the source
(Mjj) from a set of observational data (Uy).

In this study, the moment tensor formulation will be appiied to three sets
of data from contained nuclear explosions. The sum of the diagonal elements
of the moment tensor, the isotropic component, is proportional to volume
changes in the source region and will be interpreted as the explosion com-

ponent of the source. This component can then be compared to the remaining
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portion of the moment tensor, its deviatoric component, to analyze that por-
tion of the source not accounted for by a symmetric explosion.
M (isotropic) = 1/3 Mij 544 | (3)
Dy  (deviatoric) = Mgy - MR S14 (4)
If one has some idea of the source characterjzation, then constraints can
be placed on Equation 2. One such constraint §s that the source is a sym-
metric explosion, but the time function is unkno@n. Equation 2 reduces to:
Uk(x'sf) = Mo(B1,1 * Bkz,2 * G3,3) F(F) (5)

F(f) is the unknown source time function in the frequency domain.




DATA_ANALYSIS

This report will discuss the analysis of near-field accelerometer data
from three nuclear explosions detonated in Pahute Mesa at the Nevada Test
Site. The three shots studied are: Handley with a Wood-Anderson magnitude
determined by the U.C. Berkeley seismographic station of 6.3, Pipkin with a
Wood-Anderson magnitude of 5.5, and Farm which is similar in size to Pipkin.

The instrumentation arrays for Handley and P}pkin are illustrated in
Figure 1. Eight 3-component accelerometers were fielded over a 1800 arc at 8
kilometers from the Handley event. Stations 1, 2, 4, and 5 operated properly
yielding twelve components of motion. A similar array to Handley was
installed for the Jorum event. While the equipment was operating, the Pipkin
explosion was detonated yielding data at a variety of azimuths (80° arc) and
ranges (2-14 km). Stations 1, 2, 3, 4, 5, and 6 operated for a total of 14
components of motion (not all accelerometers functioned properly).

The Farm instrumental array is given in Figure 2. The 3-component acce-
lerometers spanned 1359 in azimuth and varied in range between 2 and 10
kilometers. Of the six stations, only four operated--2, 4, 5, and 6--yielding
twelve components of data.

Figure 3 illustrates the three instrumental arrays with respect to one
another and the Silént Canyon Caldera, the major structural feature of Pahute
Mesa. The Pipkin and Farm events are both within the caldera, while Handley is
out. The accelerometers for Farm are all within the caldera, while those for
Pipkin and Handley Farm are inside and outside.

The instruments used in all three of these experiments were force-balance
accelerometers with a flat response between 0.02 to 50 Hz. The outputs of the

gages are 5 volts/g for the verticals and 7.5 volts/g for the horizontals.
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For Pipkin and Handley, the data was recorded on analog tape at NTS. The
seismograms were low pass filtered at 10 Hz with a 4-pole Butterworth filter.
The data was then digitized at a rate of 54 samples/second. .

Digital recording of the data for the Farm test utilizing Sprengnether
DR-100 digital event recorders was accomplished. The data was filtered with a
2-pole low pass Butterworth at 30 Hz and a 2-pole high pass Butterworth at §
seconds prior to digitization at 100 samples per. second.

Analysis of the data and noise samples in the frequency domain indicates
that there are problems with the long period data between 2 and 5 seconds from
all three events. This noise becomes increasingly evident as one tries to
calculate velocities and displacements. Since the source studies using this
data will essentially deconvolve the instrument and propagation path effects
out of the data, one must be careful with the data at long periods. In order
to avoid long period problems, some post processing of the observational data
was done. First a high pass Butterworth filter was applied to the data. The
slope and corner frequency of the filter was determined from the noise
estimate, a desire to eliminate the rise of the spectra at long periods, and
an attempt to yield realistic velocity and displacement records free of ramps,
steps, and very long period noncausal signals. Typically, the filter corners
were between 2 and é seconds with 1 or 2 slopes at high frequencies. After
application of these filters, the data were corrected for a DC offset in velo-
city or a ramp in displacement.

It is this corrected data in velocity and acceleration which were used
for the source study. The corrected acceleration, velocity, and displacement
records from the Handley event are given in Figures 4 and 5. The uncorrected
displacement spectra for each observation are given in Figures 6 through 17.

The rise of the spectra at long perfods can be noted in these figures. The
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time domain data yields vertical components of motion which are quite correla-
table while the coherence of the radial and transverse motions is less. The
transverse motions in acceleration are comparable in sfize td the vertical and
radial in many cases. In velocity and displacement, the transverse motions
are on the average comparable in size to the radial motion and half the size
of the vertical.

Unlike the Handley data which were all at the same radial distance, the
Pipkin data span distance 2 to 14 km from the source (Figure 1). The data
were post processed in the same manner as that for Handley. The corrected
accelerations, velocities, and displacements for Pipkin are given in Figures

18 through 20. The displacement spectra prior to correction are given in

Figures 21 through 35. The frequency content of the waveforms apparently
increases with range. This observation is quite apparent when comparing the
vertical acceleration at Station 1 (2.77 km) and the vertical acceleration at
Station 6 (13.55 km) (Figures 18 and 20). Again, the relative ratios of the
radial, transverse, and vertical motions are similar to those observed for
Handley.

The Farm data was the only digitally recorded set. Again, the data were

post processed in the same manner as the previous two data sets. The

corrected ground motion data are given in Figures 36 and 37 with the accom-
panying spectra in Figures 38 through 49. The data set has transverse motions
which are comparable to the radial and vertical. The accelerograms indicate a
good deal of complexfty. There is the indication of a fairly large, long
period secondary arrival on the displacement records at approximately four
seconds. This arrival is particularly apparent on the vertical components of

Stations 4 and 6 (Figure 36).

Summarizing the observational data, we have good quality accelerometer
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data from three explosions that have been corrected for long period noise.
The accelerations yjeld transverse motions which are comparable to the radial
and vertical records. At longer periods, as exemplified by the velocity and
displacement records, the vertical motions are on the average a factor of two
larger than the radial and transverse. The data appear to increase in fre-
quency with range over 2-14 km. For data at thg same range, the vertical
records from varying azimuths are quite correlatable, while the radial and

transverse motions are much less so.




PROPAGATION PATH EFFECTS

Utilizing geological maps, geophysical explorations, and the observational
ground motions from the three explosions, a propagation path model for Pahute
Mesa at NTS was developed. Even though there are great geological variations
across Pahute Mesa--water table fluctuations, tgrrain differences, and struc-
tural boundaries, such as the Silent Canyon Caldera (Figure 3)--it was our
desire to check the feasibility of producing an.average plane layered model
for the mesa.

The construction of the model began with the early work of Hamilton and
Healy, 1969. Their initial velocity model for the Benham explosion on Pahute
Mesa was supported by a 4.1 km deep well log, geologic data, and long line
refraction studies of NTS. Their model is reproduced in Table 1. Although
this model is good at deep depths, we were interested in the fine structure
above one km since two of the shots studied were emplaced in this depth range.

Figure 50 is the well log above the Farm working point. The acoustic log
indicates a gradual increase in velocity with depth from about 2.0 to 3.4
km/sec with the possibility of a velocity jump at the wa@er table. One must
keep in mind that the logging method changes at the water table. Using this
data and that from additional drill holes at NTS, an initial velocity model
was developed. The model is very close to that of Helmberger and Hadley
(1981).

The complexity in the velocity model of interest is controlled by the
wavelengths of energy leaving the explosive source. Although the velocity log
of Figure 50 shows great variability on a local scale, we wish some type of
average structure. In order to help further constrain the Pahute Mesa velo-
city model for the wavelengths of the nuclear sources, the accelerometer data

from the Farm and Pipkin experiments were used to obtain arrival time data.
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TABLE 1
Depth to Layer (km) Lay: - Velocity (km/sec).
0.0 2.7
0.94 3.4 .
1.33 3.8 |
2.14 .4.4 :
2.50 5.1 1
5.00 6.1
25.00 7.0
35.00 8.0
8
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This time data, in conjunction with travel time curves from the Pahute Mesa
model, were utilized to refine the structure. Farm and Pipkin were detonated
at similar depths, but Pipkin was just above the water table whfle Farm was
just below it. Since the water table is associated with a velocity jump in
our model, the travel time curves for the Pipkin and Farm shots are quite dif-
ferent, and the effect must be taken into account when analyzing the travel
time data. The finalized velocity model structure, along with the explosion
locations, is given in Figure 51. The travel time curves for a source just
above the water table with the Pipkin arrival time data are given in Figure
52. The travel time curve for a source below the water table with the Farm
arrival time data is given in Figure 53. The observational data fit the pre-
dictions of the models quite well. The change in crossover distance from 5
km to 9.5 km as one moves down across the water table at 0.65 km seems to
match the observed arrival time differences for the two shots. In the ray
tracing, the second interface at 1.45 km was ignored as we feel the layering
at this point replicates a gradient in velocity. Inclusion of this interface
as a refraction led to predicted arrivals before those observed in the actual
arrival time data.

The interpretation of the proposed structure is that the 0.65 km interface
represents the water table depth and is constrained by well levels in the
caldera. As one moves out of the caldera near the Handley site, the water
moves to half this depth. Since we are interested in an average velocity
model and that the ray paths to the Handley gages propagate both in and out of
the caldera, the average depth of 0.65 km to the water table will be used. As
we already discussed, the interface at 1.45 km replicates the velocity gra-
dient with a two-layer structure. Finally, the 2.50 km interface represents

the turning point of the downgoing energy in the structure. Its depth and




velocity are constrained by the arrival time data beyond 6 km. We feel the
essential elements of this model are the water table, the veloc!ty gradient
below the source, and the turning point of the rays at 2.56 km.

Up to this point, the focus has been upon the compressional velocity
structure. The constraints upon the shear velocity are much less. As we
shall see later, the shear structure is important in the Green's functions for
they control the ratio of the energy from isotropic to deviatoric sources.

The shear wave velocity also controls the importance of P to S conversions at
the interfaces. The shear velocities were determined from both arrival time
data and frequency-wave number analysis of small array data recording explo;
sion data at Pahute Mesa (K. McLaughlin, U.C. Berkeley, personal communication).
The/S-news model (Figure 51) involved material with an average Poisson's ratio
of 0.28. Since we are very interested in the ratio of P to S, a2 slow shear
mode1-73-olds--was also investigated. This model began with a Poisson's

ratio of 0.45 in the surface layer and slowly decreasing to 0.26 in the
half-space.

Using the velocity structure of Figure 51, synthetic Green's functions
were calculated. Models utilizing both/S-news and/B-olds were included.
Synthetics were run, including turning rays and conversions at interface two
and not including them. The Green's functions were run for a source just
above and just below the water table to replicate the Pipkin and Farm
emplacements. All the synthetics for the layered structure were calculated
using the generalized ray method (Helmberger, 1968; Pao and Gajewski, 1977).
For comparison, half-space Green's functions were also calculated (Johnson,
1974). The half-space propagation path was included because: (1) it is the
simplest of all path corrections, (2) the results include near-field effects,

and (3) Rayleigh wave contributions are included.
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The Green's functions for a source just below the water table (Farm,
Figure 51) are given in Figures 54 through 65. We will use this source con-
figuration to investigate the various velocity models. Al the.results are
delta function responses passed through the accelerometer. As we noted in the
theory section, to completely characterize the material response, ten sources
are needed. Primary emphasis shall be placed or the radial and vertical
response to an explosive source.

Figures 54 and 55 are the radial and vertical explosive Green's functions
for the structure of Figure 51 93-news) ignoring conversions and turning rays
at the second interface. Motions between 2 and 12 kilometers are given. A
total of 31 rays were included in the calculation. The travel time curves
indicate a crossover distance between 9 and 10 km (Figure 53) and this can be
seen in the synthetics. The radial and vertical components are similar in
both amplitude and wave shape. The complete set of ten Green's functions and
their spectra for a 6.34 km range are given in Figure 56. Radial and vertical
Green's functions result from all sources while the transverse contribution
comes only from the strike-slip and dip-slip sources. Comparison of peak time
amplitudes and spectral estimates indicates transverse motions which are 13.6
to 7.6 times larger than the energy from the explosive source. In order to
explain observed transverse motions equal in size to the vertical, one needs
a source only 7.6 to 13.6 times smaller than the explosion. As we will see,
this ratio varies for the set of Green's functions u-ed in this study. The
vertical to radial ratio for the explosive source for this propagation path
model is unity.

In order to investigate the effect of the second interface as a turning

point, synthetics were run for the model just discussed, but conversions and
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turning rays at the second interface were included. A total of 67 rays were
calculated. The explosion Green's functions at the 4.20, 6.34, fnd 9.67 km
ranges are illustrated in Figures 57 and 58. Comparison o; Figures 54 and 57
indicates that the energy converted and turned at the second interface has a
significant contribution to the synthetics. At the 9.67 km range, the energy
off the second interface is actually the first arrival. The complete Green's
functions for the 6.34 km range are given in Figure 59. The peak transverse
motions are 13.2 to 5.3 times larger than the explosive source motions. The
vertical to radial ratio for the explosion Green's function is 0.8.

The effect of varying the shear wave velocity is illustrated in Figures 60
through 62. The source structure is the same as before, but with thg/S-olds
shear wave structure, larger Poisson's ratio (0.45) near the surface. The
radia) accelerations from the explosion Green's function show greatly
increased P to S conversions, while the vertical accelerogram shows less
change. These conversions are most pronounced at the 6 km or less range. The
slow shear velocity yields a vertical explosive Green's function which is 1.7

times larger than the radial. The complete Green's functions (6.34 km range)

in both time and frequency are given in Figure 62. The ratio of the trans-
verse body waves to the explosion body waves varies between 13 and 46.

For final comparison, the Green's functions in an elastic half-space are
given in Figures 63-65. The direct P.wave dominates the explosive source
(Figures 63 and 64). Only the upgoing energy is returned to the free surface.
This phenomena 1s unlike that of the previous models. The layering in the
three previous models could always return energy to the free surface. The
complete Green's functions at the 6.34 km range are given in Figure 65. The
1 seismograms are much simpler than before, consisting of P, SP diffracted, S,

and Rayleigh arrivals. The vertical to radial ratio of the P waves from the
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explosion is 0.36. The ratio of the transverse waves to the explosive energy
is between 1 and 20.

This complete range of Green's functions will be used in thé source inver-
sion for the Farm event. The effect of ranging from the simplest propagation
path model (elastic half-space) to a fairly complex model (67-News) will be
shown. In particular, we wish to investigate the sensitivity of the inver-
sions in determining relative or absolute source strength and the variability
of the isotropic/deviatoric source ratios. The high value of the maximum
transverse Green's function to the explosive Green's functions seems to indi-
cate that a primarily isotropic source may help explain the large transverse
motions observed from contained explosions.

For the Pipkin and Handley studies, a similar set of Green's functions
will be utilized. The Pipkin source is just above the water table, while
Handley is buried at 1.2 km, some 0.55 km below our water table. Figure 66
gives a comparison for the explosive Green's functions at the Farm, Pipkin,

and Handley burial depths and observed at 9.67 km.
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MOMENT TENSOR INVERSIONS

Utilizing the data and Green's functions already reviewed in Equation 2,
the moment tensor representations of the Farm, Handley, and Pipkin explosions
were determined. The inversions were done in the frequency domain and then
transformed back into the time domain to yield source time functioms. In
order to check the adequacy of the resulting source, the moment tensor, along
with the appropriate Green's function, is substituted into Equation 1 to yield
a calculated seismogram. These predicted seismograms are then cross corre-
lated with the observations to give one a simple measure of the fits.

In addition to using the four sets of Green's functions with each obser-
vational data set, various time windows were utilized including the entire
waveform and just the P arrivals. Constrained inversions restricting the
source to purely isotropic were also conducted. A total of six or more inver-
sions were done on each of the three data sets. This large matrix of inver-
sions was done to investigate the stability of the procedure and its sen-
sftivity to changes in data and Green's functions.

For illustration purposes, the complete moment tensor time functions and
the synthetic matches to the observational data for the Farm, Handley and
Pipkin explosions will be given for only one Green's function. The Green's
function that will be focused upon is the one utilizing the new shear wave
veloci.ty, /6 -news, and excluding conversions and turning rays at interface two
(model 31). The results of the inversions using the other three Green's func-
tions are sumarized in Table 2.

The observed and calculated seismograms for Farm are given in Figures 66
and 67. A total of 10.24 seconds of data was used in the inversion. The
signal to noise ratio in this data is the maximum of three sets and allowed

14




the study of the long data window. The correlation coefficients for the
observed and calculated seismograms are given in the figures. The peak ampli-
tudes and the general decay envelope of the data are well i'nodele.d. The maxi-
mun correlation coefficients are found for the radial and vertical components,
0.77 and 0.74, while that for the transverse is less, 0.69. As a whole, these
fits are quite good.

The complete set of near- and far-field moment tensors from this Farm
inversion is given in Figure 68. In addition to the six components of the
moment tensor, the sum of diagonal elements, the isotropic moment, is also
given. A1l moment tensor plots are scaled to the maximum of each element, so
comparison of component sizes must be done with the numerical values noted in
the figures. The moment tensor is dominated by the three diagonal elements of
the tensor and, thus, its isotropic component (Equation 3). These elements
all have similar time functions and amplitudes. The deviatoric components of
the moment tensor (Equation 4) are a factor of 4.4 smaller than the isotropic
in the far-field and 3.4 in the near-field. The time functions of the
deviatoric components do not resemble each other or the isotropic component.
The arrow on the isotropic time function in Figure 68 indicates the predicted
source time from the windowing of the data and Green’'s functions. Taking this
reference time, there are two distinct parts to the isotropic time function
separated by 1.5 seconds. The first part of the time function is a single
pulse in the near-field with approximately 2/3 second duraition, while the
second part 1.5 seconds later consists of several cycles oF 0.67 Hz energy.
There is little energy beyond 5 seconds.

The fits to the Handley data using the same layered structure, but
accounting for the deeper source, are given in Figures 69 and 70. The data
quality limits one to 4.74 second records. As Figure 1 illustrates, the data
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from Handley are all at the same range (8 km). The vertical components of
velocity are the most correlatable between observations, and thg synthetic

fits to this data are the best. The average correlation cBefficient for the
vertical data is 0.90, the radial data is 0.74, and the transverse data is 0.65.

The Handley moment tensors are given in Figure 71. The arrow on the
isotropic component of the moment tensor indicates the initiatfon time for the
source as predicted by the data and Green's function windows. The diagonal
elements of the moment tensor are all similar in time and amplitude, giving a
source dominated by the isotropic moment tensor. In the far-field time
functions, the isotropic moment tensor is 7.67 times larger than the
deviatoric components. In the near-field, this ratio is 8.33. The isotropic
source is a single pulse in this case with a pulse width between 0.67 and 1.00
seconds.

The fits to the final data set, Pipkin, are given in Figures 72 to 74. In
the past two data sets, the vertical components of motion were the most
correlatable. In this data set, vertical components were lost at two
stations. In addition to this loss, great variability in frequency content
with range is seen in the data. A total of 4.74 seconds of data are fit in
this analysis. The average correlation coefficients for the radial, vertical
and transverse data are 0.51, 0.70, and 0.62 respectively.

The moment tensors for this fnversion are given in Figure 75. The arrow
on the isotropic moment tensor indicates the theoretical source infitfatfon
time. The amplitudes of the three diagonal elements of the moment tensor are

approximately equal in magnitude but, unlike the previous two data inversions,

there is some variability in the time functions. The ratio of the isotropic
to the deviatoric moment tensor in the near-field 1is 1.95 and 2.47 in the
far-field.




The isotropic source spectra for the three inversfons just discussed are
given in Figure 76. The solid lines are the spectral estimates; while the
dashed lines are variance estimates. The variancec _.tersect the moment esti-
mates between 10 and 20 Hz. The maximum separation between the spectra and
the variances runs between 40 to 60 db near 1 Hz. The high frequency roll-
offs for all the sources are between 2 and 3. The corner frequencies vary
little between the three sources with a value between 1 and 2 Hz. The spectra
decrease at the long periods yielding a peaked spectra around the corner
frequency. Although not included in this report, the moment tensor spectra
from inversions utilizing the other propagation path models yield spectral
characteristics consistent with those reviewed. Of all the moment tensor
characteristics, their high frequency slopes, corner frequencies, and maximum
values all remain invariant while the phase information varies.

The isotropic near-field moment tensors from the Farm, Hand'c:y, and Pipkin
inversions utilizing the three, layered Green's functions (31, 67, OLDS) are
summarized in Figure 77. The three moments for Farm all indicate a source
function with two pulses separated by 1.0 to 1.5 seconds. The period and
duration of the second pulse decrease as one moves from the F31 to the FOLDS
models. The Handley source also indicates two time functions separated 1.0
seconds in time. These phenomena are particularly apparent for the HOLDS
model. There is a hint of two pulses in the Pipkin source too. The period of
this source decreases as one moves from the P31 to the POLDS models.
Considering the tremendous variations in the observed data from these three
explosive sources, the differences in propagation paths, and the physical dif-
ferences in the sources themselves, the isotropic components of the moment

tensor are remarkably consistent.
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The absolute size of the moment tensors for all the inversions of this
study are summarized in Table 2. The first observation is that the whole
record inversions (67, 31, OLDS, HS) yield moments which are nea;ly the same.
The isotropic moments change by a maximum of 52 percent for Farm, 28 percent
for Handley, and 121 percent for Pipkin. The largest variation in the source
with Green's function is in the ratio of isotropic to deviatoric components.
The far-field ratio for Farm varies from 7.33 for the F67 Green's function to
27.3 for the FOLDS model. The ratio of transverse body waves to explosive
body waves for the Green's functions varies from 7.6 to 13.6 for the F67 model
(Figure 56) to between 13 and 46 for the FOLDS model (Figure 62). As one
moves to slower shear wave velocities in the propagation path models, the
isotropic to deviatoric ratio in the source function increases due to
increased shear wave amplitudes.

The moments of Farm and Pipkin are nearly equal in size. Handley has a
moment tensor between 15 and 20 times larger than the two other events.

Since the initial P waves are the most coherent arrivals in the data sets
and should be least contaminated by shear waves, inversions were completed
using the first second of the Farm data. This source inversion, in conjunc-
tion with the earlier whole record studies, will help us understand the impor-
tance of P and S waves in constraining the isotropic and deviatoric components
of the explosive source.

The observed and calculated seismograms utilizing the Farm data and the
F67 propagation mode! are given in Figures 78 and 79. The fits to the radial
and vertical velocities are the best of the trial inversions. The correlation
coefficients for the radial velocity is 0.82 and for the vertical velocity is
0.85. The transverse motions are poorly modeled with an average correlation

coefficient of 0.23. The inversion window contained no shear arrivals in
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Green's functions, so only near-field components of motion remained to fit the
observations. The near-field components from this model are not_sufficient to
match the transverse observations. ’

The moment tensors in the near-field from this inversion are given in
Figure 80 and summarized in Table 2. The diagonal elements of the moment ten-
sor are no longer =2qual in magnitude or similar in time function. The isotropic
component of the moment tensor is a relatively simple pulse approximately 0.5
to 0.67 seconds in duration. The magnitude of the isotropic source is 2.61
times larger than the whole record inversion. The deviatoric components are
more complex with energy spread throughout the time window. The ratio of the
isotropic to the maximum deviatoric components is only 1.14., By eliminating
the shear waves, the fits are improved, the isotropic source strength increased,
and the isotropic to deviatoric ratio decreased. The isotropic source spectrum
is given in Figure 81. The high frequency slope is 3 with a corner frequency
at 2 Hz.

A summary of similar P wave only inversions for Handiey and Pipkin fis
given in Table 2. As found for Farm, the isotropic source is increased with
the short window inversions, while the isotropic to deviatoric ratio decreases
dramatically. It appears that the shear arrivals are very important in

constraining these sources.
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DISCUSSION/CONCLUSIONS

Data from three contained nuclear explosions in tuff at the Nevada Test
Site, Pahute Mesa, have been analyzed using the moment tensor source
characterization. These explosions included sources just above, just below,
and far below the water table. An average velocity model has been developed
in order to complete the data analysis. This model utilizes borehole data,
geological information, and refraction data. The velocity structure was
further refined by the arrival time data from the explosions. The most impor-
tant features of the model are the compressional velocity jump at the 0.65 km
water table followed by a gradient structure (synthesized by 2 layers) down to
a 2.50 km interface that acts to return down going energy to the free surface.

The moment tensor source formulation has been used to fit the obser-
vational data with Green's functions from the just described velocity model.
Frequency domain inversions for the complete moment tensor and just its
isotropic component were done. In general, the vertical and, to a lesser
degree, the radial velocities were well modeled with the transverse fits
slightly degraded. The moment tensor representation can be used to adequately
model the observational data in the near-field (2-15 km) from underground
explosions. '

Comparison of the isotropic moment tensor for Pipkin, Handley and Farm
(Figure 82) indicates that this part of the source function may be a good
measure of relative explosive yield. The measure is relative if the propaga-
tion path is similar for the explosions under study and it can become absolute
within the accuracy of Green's functions used to model propagation path
effects.

The variety of Green's functions used in this study show shear waves which
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average 5 to 15 times larger than the explosion P waves. In order to obtain
transverse motions comparable to radial and vertical motions, one needs a
deviatoric source which is much smaller than the 1sotrop1c: In ;he moment
tensor inversions, these phenomena are exactly what occurs. In fitting the
Farm, Handley, and Pipkin data the resulting sources are dominated by the
isotropic component of the moment tensor. As the transverse shear waves in
the Green's functions increased relative to the explosion P waves, the domi-
nance of the isotropic moment tensor also increased. The -o0lds model has the
largest shear waves and the largest ratic of isotropic to deviatoric source.

The variation of the resulting source functions between the three explo-
sions and with changing Green's functions was summarized in Figures 76 and 77
and Table 2. Of all the source characteristics, the corner frequency, high
frequency roll-off, and spectral peak are least variable. The source phase
information is somewhat more changeable and dependent upon the Green's
functions. The stability of the spectral information in these few inversions
suggests exploration of spectral characteristics of the moment tensor for
yield and discrimination studies.

The isotropic time functions for Farm, Handley and Pipkin all suggest the
possibility of two source time pulses separated by 1.0 to 1.5 seconds. This
observation is particularly apparent in the Farm inversion. The physical
interpretation of this mathematical representation of the source is open. The

secondary source could be due to nonlinear processes close-in to the

~ explosion, problems in our propagation model, such as improper surface wave

calculation or data preparation problems. These areas need to be explored.
The importance of shear waves in controlling the isotropic to deviatoric
source ratio has been discussed in the context of the Green's functions. The

inversions utilizing only the initial P waves from the observational data
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further explored this question. The P wave only inversions yielded greatly
improved fits, but the isotropic to deviatoric ratio was degraded. It is felt
that the inclusion of shear waves in the studies improves aur'CAhstraints on
both the isotropic and deviatoric components of the source.

A preliminary study of the utility of the moment tensor representation in
near-field explosion modeling has been completed. The results indicate the
method is able to explain the observational data- and give insight into rela-
tive and possibly absolute yield estimates. The puzzling observation of
transverse motions as large as radial and vertical motions may be partially
explained in terms of the strength of shear waves from deviatoric sources
being much larger than the isotropic P waves. Such models allow sources which
are dominated by the isotropic component and have transverse motions equal to
observed radials and verticals. The physical interpretation of the source
details awaits further study. This interpretation should take advantage of
any close-in instrumentation in the nonlinear ground motion regime. Finally,
the stability of the source modulus suggests the use of moment tensor spectral

characteristics in discrimination and yield studies.
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ABSTRACT

A source characterization of bermed surface bursts utilizing a vertical

and horizontal point source has been developed. This representation is for-
mulated so that with analytic propagation path models and observational data
inverse techniques can be applied and the source estimated. The inverse pro-
cedure is applied to the Pre-HYBRID GUST I-04, 65, and 06 data sets (13.6 kg {
for 04, 13.6 kg for 05, and 39 kg for 06 of sand bermed C-4). The method fs |
able to model the observational data explaining the R-1.6 decay of the radial

velocity as nearfield body waves and the R~+5 decay of the vertical velocity

as Rayleigh waves. The radial source function is a factor of 2 larger than
the vertical for all tests, indicating the dominance of the radial force in
cratering. Source rise time correlates well with the time the sand berm con-
tains the explosive products while pulse width may be driven by nonlinear
processes, such as spall. The sources appear to cube root yield scale.
Stresses predicted using the determined source functions indicate large ver-

tical tensile stresses can develop from the Rayleigh wave.




INTRODUCTION

In an investigation of energy coupling from surface explosions, the Air
Force Weapons Laboratory has detonated a number of single- and multiple-burst
bermed explosions. The surface tangent explosives were covered with berms of
sand to eliminate the airblast portion of loading, leaving only the energy
directly coupled into the ground at the crater.. Airblast measurements made
during these tests indicate the berming procedu?e was.successful.

It is this data set that shall be explored to help delineate the seismic
source characterization that is appropriate for the cratering process. Much
work has been done in characterizing contained explosions, attempting to
separate source and propagation path effects (Haskell, 1967; McEvilly and
Peppin, 1972; Mueller and Murphy, 1971; Werth and Herbst, 1963; Hadley and
Helmberger. 1981; Stump and Johnson, 1977, 1981). Little attention has been
paid to the case of surface bursts (Ewing and Press, 1951; Gupta and
Kisslinger, 1966). For ground motion prediction purposes, the usual approach
to the surface burst problem is to take the data of contained events, correct
for the geometric effect of the free surface on the propagation path and then
apply the results. No formal consideration is given to the change in source
characterization as the explosion approaches the free surface. To first order,
the contained explosion can be modeled as a spherical pressure pulse where the
bermed surface source is modeled as a point force. Elastic responses for
these two sources are quite different--the contained explosion being dominated
by P waves, while the point force at the free surface is rich in shear and
Rayleigh waves in the near field.

In this paper, observational data from these bermed surface sources are
investigated taking into account the difference in source characterization

1
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from contained and bermed surface explosions. Attempts to fit the obser-
vational data allows the refinement of the surface source model.

Finally, this study should shed some 1ight on spall mechanisms. Spall, as
indicated by -1g dwells on vertical accelerometers followed by impulsive
rejoins on the vertical and radial accelerations, were observed on all the
bermed surface explosions (Stump and Reinke, 1982). Since the source is at
the free surface, the spall or tensile failure of the material cannot be
explained in terms of a compressional wave leaving the source, traveling to
the free surface, and reflecting as a tensile wave (Eisler and Chilton, 1964).
Both the source characterization and the propagation path effects must be well

accounted for in order to adequately propose a mechanism for tensile failure.

e it %




SOURCE REPRESENTATION

Assuming a source can be represented as either a body force, initial
condition, or boundary condition then a general representation can be written

as:

W 't = | [t s at) 42 4t (1)
S %
Ug{x'st') is the ground motion in the k direction at (x',t'), V, is the source

volume, Gki(z',t';g,t) fs the displacement in the k direction at (x',t') due to

a delta function force in the 1 direction at (x,t), and fj is the equivalent

body force in the i direction at (x,t). The summation convention is assumed.
In the case of a contained explosion, assuming the wavelengths of interest

are long compared to the characteristic source length, equation (1) becomes:
o
W Kt = j (6, LL'30:0) Mi; L)
\a 4
~®
. 2
H;‘s W = J*(-\L, %) 43 (2)
Vo
Assuming a bermed surface source can be modeled as a vertical and horizon-

tal point force, then the representation becomes:
o>

Wtt) = [(6, X008 + G Er e et) 4t @

The 1 direct{bn has been chosen radial away from the source and 3 direction is
positive down.

Transforming equations (2) and (3) into the frequency domain eliminates
the time integral and allows one to write:

U = GF (4)
U 1s the observed ground motion, G is the propagation path effect, and F is
the source characterization. For the surface source, F consists of two terms,
3




one for the vertical and one for the horizontal force. In the case of the
buried explosion, F consists of six unique terms.

Equation 4 is written for each frequency so that if there are 256 initial
time points, then the equation is written 128 times (real and imaginary) for
each frequency point. For each frequency, the U matrix is made up of the real
and imaginary components of the Fourier transformed ground motion data and is
2n x 1 in dimension (where n is the number of individual observations); the G
matrix is composed of the real and imaginary parts of the Fourier transformed
Green's functions and is 2n x 4 in dimension; and the F matrix is 4 x 1 and
consists of the real and imaginary parts of F; and F3 (equation 3).

In the study, U are the observed velocities in the frequency domain from
the PHG tests and G the propagation path effects determined analytically for
an elastic half-space. The only unknowns are F, the source characterization.
Calculating the inverse of the matrix G and multiplying it by U allows one to
determine F.

F=gly (5)

The problem is underdetermined when there are less than two seismograms, exact
when there are two seismograms, and may be overdetermined when there are more
than two observations. The inversions in this study will use a maximum of ten
seismograms and a minimum of six.

In solving Equation 4 and writing Equation 5, singular value decomposition
of G is used and a generalized.inverse is calculated (Lanczos, 1961). G is
decomposed as:

6 = QT (6)

Where W is a 2nxp semi-orthogonal matrix consisting of the eigenvectors asso-
ciated with the nonzero eigenvalues of GGT, V is the 2 x p semiorthogonal

matrix consisting of similar eigenvectors of GTG. and Q is a pxp matrix whose
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diagonal members are the positive square roots of the largest p nonzero eigen-
values of GTG.

The generalized inverse of G becomes:

6~1 = yo-1 WT (7)

This formulation always exists, since 0'1 can always be ca'--:lated with
(eigenvalues of G1G)~1 down the matrix diagonal.. For the case when p is less
than the dimmension of GTG, the inverse ignores the eigenvectors associated
with the zero eigenvalues and thus may not give a unique solution to the
problem. The inverse is unable to resolve the solution in the directions of
the eigenvectors associated with the zero eigenvalue§. The resolution matrix
can be calculated as 616 = WY, The eigenvalues and eigenvectors of this
matrix tell one if the problem is well enough posed to allow the unique recov-
ery of the source characterization.

Once F has been determined using Equation 5, predicted ground motions
(acceleration, velocity, displacement) can be estimated by substituting F into
Equatfon 3 with the appropriate Green's functions. The stress tensor can *.en

be calculated as follows:

Gy L5t = ﬁ,\s (1008 + p Biy (200 + Cji(x :t(sQ)t))}
f@0+ {36, (00 55 + By ¥ 20 +

G‘,s,ila‘,t';q,t\)-s-gtg,tﬂ at

It should be emphasized that once F has been determined from Equation 5 the
stresses and motions can be predicted anywhere in the material using Equations

8 and 3.




GREEN'S FUNCTIONS

The propagation path effects in this study are modeled, as an elastic
hal f-space. The motivation for this choice fis threefold:A (1) The radial and
vertical velocity waveforms from all of the explosions show relatively simple .
waveforms with the radial component of motion dominated by body waves and the
vertical component primarily surface waves (Figu;e 1), (2) the body wave
decay rate of R-1.6 jndicates the strong fnf1uenée of ﬁear-field components of
motion, and (3) the half-space Green's functions allow the analytic calculation
of the resulting stress tensor. The half-space model is further supported by
geophysical work (Stump and Refinke, 1982) and the first arrival time data at
the test site. There is a hint in the data of the presence of a layer over a
hal f-space structure. The first arrival time data indicate a possible break
over point at about 10 m while the first motion of the vertical motion is up.
This motion is small compared to the predominantly radial body waves at these
distances. Our philosophy is to accept the simplest propagation and source
model that explains the observational data base.

The wave front diagram for a surface source and buried receiver in an
elastic half-space is given in Figure 3. The first arrival is primarily a
radial P wave. The second arrival s diffracted PS. This wave leaves the
source as a P wave traveling along the free surface and then refracts into the
material as an S wave to the receiver. Following these arrivals are the shear
and Rayleigh waves.

The Green's functions for a surface point force source and a buried
recefver are given in Figure 4. In this model, the P wave velocity is 366 ;
m/sec with a Poisson's ratio of 0.10. The seismic velocities were determined

! from refraction studies in the area (Stump and Reinke 1982). The delta func-

tion displacement responses for a radial (f), transverse (f,), and vertical

6
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(f3) point force source are illustrated. The P, diffracted PS, S, and
Rayleigh arrivals are noted. It is the Green's functions due to f; and
f3 which will be substituted into G of Equation 4 for determination of F.

The effect of reducing the shear wave velocity while Eo1ding the P wave
velocity constant is given in Figure 5. These Green's functions are the
radial and vertical displacements due to a radial force localized in space and
time. As the shear wave velocity increases, the amplitude of the shear and
Rayleigh waves increases. At large Poisson's ratio, an additional arrival,
the so-called Leaking mode.i, is seen on the radial motion between the P and S
wave. This phenomena was discussed by Gilbert and Knopoff (1961), Gilbert, et
al. (1962), and Chapman (1972). For a complete discussion of this arrival in
the context of both motion and stress calculations, see Stump (1982).
Inversions utilizing Green's functions with Poisson's ratios 0.10 to 0.45 will
be accomplished to investigate the trade-off between the source and propaga-

tion effects.




DATA ANALYSIS

The focus of the source characterization in this study was a‘series of
bermed explosions. The test series, known as Pre-HYBRID G&ST‘(PHG), contained
three bermed sources. These sources, PHGI-04, PHGI-05, and PHGI-06, consisted
of 13.6 kg, 13.6 kg, and 39 kg of C-4 explosive under a sand berm. Figure 6
summarizes the explosive sources and sand berm size which changed with
experiment.

The three sources were instrumented with radial and vertical accelerome-
ters in the 3 to 36 m range. The data was recorded analog on high speed FM
tapes. These records were then digitized at 2,000 samples per second with an
antialias filter at 400 hz (5 Pole Butterworth filter). Figure 7 fllustrates
a sample spectra (solid line) and noise estimate (dotted line) for the radial
gage at 6.55 m from PHGI-06. Good signal to noise ratios were found out to
400 hz. Both the acceleration and integrated velocity records are given. In
the inversions, the velocity data is used with a correction for a ramp. This
record is characteristic of data quality for all experiments.

1. PHGI-06

The first data set to which the inversion scheme was applied was PHGI-06.
This experiment was the biggest of the three studied and consisted of 39 kg of
the explosive C-4. Vertical and radial data at the 6.55, 8.50, 10.85, 14.60,
and 18.35-meter ranges (1.50 m depth) were used. The instrumental array and
data characteristics are summarized in Figure 8. Prior to the inversion and
after antialias filtering, the velocity data was decimated to 1,000 samples
per second.

A1l ten components of data were used in the inversion to determine the two
equivalent body forces f] and fy. Both the data and the half-space Green's
functions were Fourfer transformed prior to substitution into Equation 4. The

8




U matrix for each frequency became 20xl, while the G matrix was 20x4. Since
256 msec of data was analyzed, the 20x4 G matrix was inverted 128 times.

After f; and f3 were determined using Equation 5, F and G were substituted
back into Equation 4 to yield a predicted U for comparison to the obser-
vational data. The similarity of the observed U to the calculated U is a
measure of the adequacy of the source model and inversion. A summary of peak
velocity amplitudes in the observed and calculated waveforms is given in
Figure 9. The radial data and fits decay as R‘1°5, while the verticals decay
as R=0-5, The vertical data are particularly well matched, while errors as
large as a factor of two can be seen in the radials. Taking the data set as a
whole, both the radial and vertical peaks are well fit.

Now focusing on the entire wave train, the observational and predicted
waveforms from the inversions are illustrated in Figures 10, 11, and 12. In
each plot, the observed and calculated waveforms are plotted to the same
scales. The absolute scale for each plot may change from gage to gage with
the peak velocity for each gage indicated in plots. A total of 256 msec of
data were fit and plotted. The sign convention for the data is positive
radial away and vertical down. Tne “its of the observational waveforms are
well explained by the source model. The mean correlation coefficient between
the observed and calculated velocities is 0.84. The radial components of
velocity are dominated by the near field body wave yielding the R-1.6 spatial
decay. The vertfcal component of velocity is explained by the Rayleigh wave
arrival giving R-0.5 decay. The most glaring deficiency in the fits is the

inability to model the small initial upward pulse on the vertical component of

motion.
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As Figure 9 illustrates, the radial component of velocity is largest at
distances less than 7 m with the vertical component larger at greater
distances. There is some hint at a change in decay rate for'the radial motion
at approximately 18 m. At this distance, the Rayleigh wave on the radial com-
ponent is approaching the same size as the body_wave. One can hypothesize
that at ranges greater than 18 m the Rayleigh wave will dominate the radial
motion, and spatial decay will be close to R‘-5; |

The source time functions and their integrals for the radial (fj) and ver-
tical (f3) point forces determined from the PHGI-06 inversions are given in
Figure 13. As indicated by the relative source strengths, the radial force is
a factor of two greater than the vertical. The net impulse of the sources is
down and away from ground zero. There is some problem with causality in the
smaller vertical time function.

In the time domain, the source rise time is 18 msec with a pulse width of
70 msec. Ake (1980) in an analysis of the PHGI-06 films determined the time
to venting of the berm to be 17 msec. Figure 15 illustrates the berm growth
as a function of time with the explosive by products breaking out of the berm
at 17 msec. It appears that the source rise time is controlled by the time
that the sand berm contains the explosion.

The corresponding source spectra are given in Figure 14. The factor of
two difference in source strength between fi and f3 can be seen in the
spectra. The corner between 10 and 20 hz is representative of the pulse width
observed in the data. The high frequency roll-off of the source indicates a
slope of between 2 and 3.

The least known parameter in the inversion scheme is the shear wave velo-

city of the test bed. In the initial inversions, a Poisson's ratio of 0.10
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was assumed. To investigate the stability of the inversion procedure and the
effect of varying the shear wave velocity, two additional runs were made with
Poisson's ratios of 0.25 and 0.40. The effect of varying Poisson's ratio on
the Green's functions was shown in Figure 5. Not only does the P to Rayleigh
wave amplitude decrease as Poisson's ratio increases, but the characteristic
frequency of the whole waveform also decreases. -The relative sizes of f} and
f3 for the inversions using the three sets of Green's functions are given in
Figure 16, The two to one ratio of f)} to f3 remains the same for all
inversions. The relative source strength changed by a factor of three when
Poisson's ratio changed from 0.10 to 0.25. This change was only a 20 percent
variation in shear wave velocity. Source coupling for this characterization
is a strong function of Poisson's ratio. The time functions of f; and f3 for
the three Poisson's ratios are given in Figures 17 and 18, Since the Green's
functions decrease in frequency as Poisson’s ratio increases, the resulting
source time functfons increase in frequency. The effect of the changing Green's
functions on the fits to the observational data is summarized for the vertical
velocity at 10.85 m in Figure 19. The fits for Poisson's ratio of 0.10 and
0.25 are indistinguishable, while the fit for 0.40 is greatly degraded. Using
the fits as a guide to the adequacy of the model, one cannot distinguish be-
tween a Poisson's ratio of 0.10 and 0.25. This conclusion leaves a relative
error in source coupling of 3. It is felt that the 20 percent change in shear
wave velocity encompassed by these models is difficult to resolve through
geophysical exploration techniques.
2. PHGI-05

The second data set to which the source characterization scheme was
applied was PHGI-0S (Figure 6). This experiment was identical to PHGI-06,
except the yield was reduced from 39 kg to 13.6 kg of C-4,

11




The instrumentation was somewhat more scarce in this test, so only three gage
locations were used in the inversion--6.55, 8.50, and 18.35 meters (Figure
20). The data analysis was conducted with Green's functions for a Poisson's
ratio of 0.10. This final propagation path model was chosen because of its
agreement with geophysical exploration work at the test site and the success
of fits to the PHGI-06 data. As the Poisson's ratio tests on the PHGI-06 data
show, Poisson's ratio can go as high as 0.25.

Using the same format as in the PHGI-06 analysis, the observed and calcu-
lated seismograms are given in Figures 21 and 22. As in the previous results,
the fits are quite good.

The source functions and their spectra are in Figures 23 and 24 respec-
tively. The rise time of the cource is again 18 msec which compares to Ake's
(1980) observation of berm venting at 19.5 msec (Figure 25). The 2.5 msec
difference in vent time between PHGI-05 and PHGI-06 is too small to resolve by
this procedure. The pulse width of the source is approximately 64 msec,
slightly smaller than the 70 msec observed in PHGI-06.

Since the berm size for PHGI-05 and PHGI-06 is similar, one can begin to
study the effect of source yield on coupling. Comparison of inversions uti-
1izing Poisson's ratio of 0.10 is made in Figure 26. The dotted 1ine in the
figure is that predicted by cube root yield scaling. The limited source
strength data fall close to this line.

3. PHGI-04

The final data set analyzed in this study was PHGI-04 (Figure 6). The
experiment was 1dent1éa1 to PHGI-05, but the berm was reduced in height and
width by 20 percent. Again, three gage locations at 6.55, 8.5 and 18.35
meters were used in the inversion (radial and vertical velocity at each
location). As in the PHGI-05 inversion, the Green's functions were for a

12
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Poisson’s ratio of 0.10.

The observed and calculated seismograms are given in Figures 27 and 28.
As in the other tests, the fits are good. The source time funciions and their
spectra are given in Figures 29 and 30 respectively. From the films, Figure
31, the time to venting was 12.5 msec (Ake, 1980). This time compares to
11-12 msec rise time on the source function. As in the previous inversions,

the f; to f3 ratio remained approximately 2.
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STRESS PREDICTIONS

Using the sources determined from the observations, one can predict the
stress tensor by plugging f1(t) and f3(t) into Equation 8. One Ean then pre-
dict the stresses any where within the test bed (Stump, 1981).

Using the source from PHGI-06 inversions, the stress tensor at a distance
of 10.85 m and a depth of 1.37 m were predi;ted (Figure 32). In these plots,
down is compression and up is tension. TheOpj stress is the largest with a
compressive pulse controlled by the body wave arrival (the 1 direction is
radial away from the source). A tensile hoop stress can be seen on the (22
component. The 633 component yields a large tensile stress in the vertical
direction as a result of the Rayleigh wave. This tensile stress may be a
mechanism leading to spall from surface explosions. The stress tensor is
decomposed into its deviatoric and isotropic components in Figure 33.

Similar stress calculations were done at a variety of distances and depths
from the source. A summary of the maximum vertical tensile stress from these
calculations is given in Figures 19 and 20. The decay of the stress with
range from the source for a depth of 1.50 m is given in Figure 34. 1In Figure
35, the stresses are found to increase with depth for the 10.85 m range. This
apparent increase of stress with depth is a result of the zero stress boundary
condition at the free surface. Since the tensile stress is a result of
Rayleigh waves, the 33 term will decay with depth. None of the calculations
shown were deep enough to eliminate the free surface effect (at 4 m, one is

only 1/5 of a wavelength from the free surface).
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CONCLUSIONS

The waveforms from the PHG single-burst bermed explosions can be
interpreted as being dominated by nearfield body waves, R=1-6, on the radial
components and surface waves, R‘-s, on the vertical velocity components.
Using this interpretation and a vertical and horizontal point source model,
one is able to fit the data with an average correlation coefficient on PHGI-06
of 0.84.

These source inversions indicate the source coupling is sensitive to
Poisson's ratio. A 20 percent change in shear wave velocity (Poisson’s
ratio 0.10 to 0.25) resulted in a factor of 3 change in coupling. This
variation in shear properties is what we expect in the variability of our
shear properties fram geophysical exploration. We, therefore, conclude that
the factor of 3 error in coupling estimate is a lower bound for these sources,

A visual comparison of the source time functions from the three bermed
experiments indicates great similarities (Figures 36 and 37). PHGI-06 and
PHGI-05 have nearly identical time functions, although their relative

strengths indicate the decrease in absolute yield from 39 kg to 13.6 kg
(PHGI-06 to PHGI-05). The smaller bermed explosion, PHGI-04, shows a higher
frequency source than the two previous. In all cases, the rise time of the
source agrees within one millisecond of the time to break out of explosive
products from the sand berm. The pulse widths of the sources are much longer
in duration than the rise time and may correlate with other nonlinear
processes, such as spall. The ratio of radial to vertical forces of 2 to 1
remained constant for all sources using a variety of Green's functions. It is
felt that this ratio represents the dominance of the radial force in
cratering. The mathematical representation of these sources has been well

correlated with physical phenomenology near the explosion.
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Using the source function developed from the observational ground motion

data, the predicted stress tensor has been given. The stresses yield tensile

components in the vertical direction resulting from the Rayleigh wave arrival.

This tensile stress increases with depth over the 0-4 m depth range due to the

free surface effect. A mechanism for tensile failure of a material due to

p surface bursts has been identified.

16




BIBLIOGRAPHY

Ake, J.P., 1980. Ground Motion in a Non-Airblast Environment Letter Report,
Engineering Research Institute, University of New Mexico.

Babcock, S., 1980. Pre-HYBRID GUST Phase I Quick Look Report, Engineering
Research Institute, University of New Mexico, CERF-AG-26.

Gupta, I.N. and C. Kisslinger, 1966. Radiation of Body Waves frowm
Near-Surface Explosive Sources, Geophysics 31, 1057

Hadley, D.M. and D.V. Helmberger, 1981. Seismic Source Functions and
Attenuation from Local and Teleseismic Observations of the NTS Event Jorum
and Handley, Bull. Seism. Soc. Am. 71.

Haskell, N.A., 1967. Analytic Approximation for the Elastic Radiation From a
Contained Underground Explosion, J. Geophys. Res. 72, 2583-2587.

McEvilly, T.V. and W.A. Peppin, 1972. Source Characteristics of Earthquakes,
Explosions, and After Events, Geophys. J. Roy. Astr. Soc. 31, 67-82.

Mueller, R.A. and J.R. Murphy, 1971. Seismic Characteristics of Underground
Nuclear Detonations: Part I, Seismic Scaling Law of Underground Nuclear
Detonations, Bull. Seism. Soc. Am. 61, 1675.

Press, F. and M. Ewing, 1951. Ground Roll Coupling to Atmospheric
Compressional Waves, Geophysics 16, 416-430.

Stump, B.W. and L.R. Johnson, 1977. The Determination of Source Properties by
the Linear Inversion of Seismograms, Bull. Seism. Soc. Am. 67, 1489-1502.

Stump, B.W. and L.R. Johnson, 198l1. The Effect of Green's Functions of the
Determination of Source Mechanisms by the Linear Inversion of Seismograms,

Identification of Seismic Sources - Earthquake or Underground Explosion,
Fdited by Dr Eystein Husebye and S. ﬁ;ﬁiegveit, D. Reidel FuSlisE*ng Co.,

Dordrecht-Holland.

Stump, B.W., 1982. Stress Waves in a Three-Dimensional Elastic Half-Space:
Single and Multiple Surface Sources, in preparation.

Werth and Herbst, 1963. Comparison of Amplitudes of Seismic Waves from
Nuclear Explosions in Four Mediums, J. Geophys. Res. 68, 1463-1475.

17




1
SOURCE
— FREE
SURFACE

I = sin' (p/a)

1 Figure 3
18




——— " —

60!°

£or

p 4nb 14
181 =\ 295W 002 0o\ 0
wggol = J o >
S

o 2zl

Z

09¢" o

1

o N 920"
! )
he- S1N3INW3OVIdSia

| SIS



EFFECT OF POISSON'S RATIO - f,
R Z

: 163 0.10 VJ : 109
LJ\'~ — el —

iy "'
: )
_} — 274 040 fJ‘, .843

| ‘"

/ }1
¥ 393 045 \ 1.74

r=10.85m

0 100 200 h=137
msec

Figure §




= Ii=hi=ll
PHG 1-4

7 germ. . LA 13.6kg ..
‘/,/’ffi Berm. 42 C-4 spnere

N=I=ENEN=EN=
l;;:T""""'Z'BZ me————
e 1.06 m —twe

===
PHG I-6

o 39.0 kg
. .18m - C-4 sphere

Figure 6

21




[ aanb iy

(93S) 3HIL {ZH) AOH3N0344
0052 °0 $281°0 5210 G900 0000°0 i1kt At 5} 1)
L t 1 1 [T i e | [T NI | [T B i;rm
3
1] - " k
g b .,. ' -
, o
. g -
s/u p9Ol’ - : :
‘1A S

‘19990

6aIy¥3S Il

250y WOGI=H WGS9=Y

WNYLIAdS

Ty Yy v v ——rrrr
.01
enNaou
22

sl




L 20

8 aanb 4

(UMOp) [DINJIA € ‘

(KomD) (DIPODJ | <
W3LSAS 3LVNIQHOOD

‘jan  pIvjk o} dwod
40} P3i239440d puD painibaju)
DJOP 19220 |ID

24 00V 0 alodG ‘23Ul -
sdsQQ02 D pajdwos - V1VQ

Qd ) -y ¥ % wJaq pues

p-0 61 6E

waeeal o9'vl g0l 068 669 /‘lO\

90 -1 9Hd

(|
23

-

R AR




PEAK AMPUITUDE (m/s)

PHG 1-06 FITS ‘

poisson's ratio O.1

depth LSm
W peak radiol dato
O peak radial colculation
@ peak verticol data
O peak vertical calculation
-
. =
\
\\
0.1 ) \ .\
“~

L o ¥ ¢ ¢© 7719
j
7 ¢
P 3]
=,
(3 ]

0t 1 1 K S B I B W | 1 2

i 10
RANGE (m)

Figure 9
24

v .

TR 2t




PHG 1-06 FITS
poisson's ratio 010

R=6.55m

164m/s
wd I

radial

"N\ ——__calculated
|

p
Rayleigh
J3ma
/ \ / "\ obs
vertical T -
down
‘/\/\___SQE_
t i B | " | 4 o |
(o] 100 200 msec
Figure 10
25




R= B8.50m

R=10.85m
075m/s 030m/s
———/\/ obs I _/\/\/_,_/\_____of—s—~ 1
‘ radial
away

radial

/ N\ calc

]

Royleigh

——
‘ i
|

PHG |- 06 FITS
poisson's yatio 0.10

N ==
]

Rayleigh
1 067Tm/s

.00b755m/s .[ "\/\/\fgbi ‘ I

‘ vertical
down ' {

calc —_/\/\ colc

J

200 msec

Figure 11
26




PHG I-06 FITS
poisson’s ratio 0.0

R=14.60m
020m4A
tf S N [
raodiol
away
M’L
P .
P
Rayleigh
— N\
[! vertical
down
calc
0 100 200 msec
Figure 12
27

R=1835m

Oigm/s
___/\/\‘\/_/_D.bL I
radial
_/\‘_/\/ calc

P
Rayleigh
1 045m/s
W I
vertical

—Wc—




PHG I1-06 SOURCE FUNC‘I’IONS
POISSON'S RATIO = OJ

w N\ ——— I
A |

away

t{ 827 I
down
o133 j
Jaom
— :i
f\’\/
<
! i S
o 56 100 750 200 7%
meec
Figupre 13
28




p1 a4nb 4

(ZH)AINGNO3M (ZHIAONINOTM
b‘ I’} a b” b-—. 248 A Adud 'S t’.~ b— A A b"

WY W I S s ¥ i a0 0 A A b

Y2200 2 BN Sun SRR

L a4

A vm9
[ [ § o
; E

s-E s-F

A "ﬂ

€
J
10 OLVY §NOSSI0d
vy103dS 32¥NOS

Y




PHG 1-06
Berm Growth

|7 msec
{2 msec
6 msec
~-0 msec
i‘f $.64m ?i
Figure 15
30




HLION3YLS
398N0S 3IAILVIIY

EFFECT

OF POISSON'S RATIO ON

SOURCE STRENGTH .

m
1y
2.7
|
. T
e
[ |
o n
L ]
} -+ } }
0 Jd 2 3 4

POISSON'S RATIO

Figure 16
31




L1 aanb 4

23sWw 002

200°
, 20
LOO’ ~_/ ¥ \(/\\n
220° TN "W el \//\d.. o
I
90-1 9Hd

394N0S NO OlLVY¥ S,NOSSIOd 40 123443

————




g1 aunb

298w 00
f
200" iv
S00° ~
€I0° l\/)ﬁ..\ i
g
90 - | 9Hd

354NOS NO OlLVY s,NOossiod 40 1703443

o ,_




EFFECT OF POISSON'S RATIO ON FITS
PHG 1-06, R=10.85m H=L5m V

. 0e’m/s
obs _

calc

0.1 _/\/‘\ .064m/s
0.25__/\/\ 064m/s

04—~ 03Tm/s

1 )

200 msec

i
100

Or

Figure 19

34




02 3anbi4

(umop) |DdiJeA €

(Komp) |01pDJ|
W3L1SAS 3L1VNIGHOO0D

‘joA plojk o} dwbs
J0} Ppeidoesi0d pup pajpibaju) - ,

35

DJOP °193JD -~

ZyQ0¥ 40 dlodS ol -
sds 0002 0 pojdwos - yiva

..4 id ..4 wieq puos
GO -1 9Hd l




—
- A

PHG 1~08 FITS
poisson’s retio 0.10

R=8.55m
' L096m/s
$
rodial
away
I N
P
Royleigh
J02m/s I
__J\f\__,"a—
vertical down
N
) * ;60 ' 260 msec
Figure 21

36




PHG | - 05 FITS
poisson's retie O
Re 1835m

Re 85m
046 mss O3mA
it At
radial OWO radlal
; CALC ___./\\/\,/‘-—’“C'Ahc—
0 P
Rayleigh Rayleigh

1 070m/s l prpt
]: o8s ‘I

""M o —NS T

vertical T verticel
down
o 100 200 maec
Figure 22
37

v X -+ e




PHG I1-05 SOURCE FUNCTIONS
POISSON'S RATI0 = 0. i

MI

I away

£ (1) 417 I

3"'’\'\/\,‘\/\/\/—v\._/\/‘““/\'““‘

Jiind1 I

3 00474

100 ' 200 msec
Figure 23

I down

or

38




%2 aanb 4

,,\/w\w

£y

||fr1"ﬂ-f"""f-"-'

e

-

|

m
i
}O oNDs s,uossjod
vid123dS 32dN0S

“«NNOoU

39

-—

rreey




PHG |- 05
Berm Growth

5.08m

5
Y

Fiqure 25

40




HLON3YLS
32UNOS 3AILYIAY

SOURCE SCALING

20}
|
e - "'—J-’
.5 P
// -
7
‘ -~
10k -7
@
0.5r' ®
3 S L _1
i0 20 30 40
YIELD (kg)
Figure 26
41
- meeventme—— — _

e e T




PHG ' 1-04 FITS
poisson’s ratio 0.10

R=635m  G5o79m/s

obs

0.046m/s

0.093m/s

'—J\/‘/\*ﬁ obs ﬂ

0.057m/s

—\S calc

L 1

o 100

L

200 msec

Figure 27
42




82 94nb |4

29sW 002 00l 0
T ¥ Y

R A e

|D21443A LEITILY

mad\/\/\(f(/\f\l $q0 \\/\\/)\(Il

2109 t}s\/)\,\/\lll 3|09 /\u/)\l/\ll

|oipDJ {o1pod
wee'sl = Y wee =y

o1'0 ool suossjod
slid ¥0~19Hd

o DR sas A




PHG 1~-04 SOURCE FUNCTIONS
poisson's ratio O.l

R

.

i 1
100 200msec




o€ aunbyy

123 SN0 4
o i o))

Ul L IS

Abd A L|I.1L.EL,L.|L\IT||V|.|IIL|

PRI W W S 3 A, Laa bbbt et A bbb bk A 3 )

Tr<%

T™reT

)
§
SNTG0M

-
¢
[aamn

HWAN133dS
€

¥0-| 9Hd
vdl23dS 32¥NOS

HWNN123dS
Iy

$NMOON

45




PHG | - 04 |
Berm Growth

4.06 m — >

Figure 31

46




2¢ aanbtd4
zo_m‘o.um.n__‘,.oud
105 002 00! . A.u HOI3AVY d
g8¢eo0
mNO
c¢GO

\\\) ﬁb 9¢0

A
N_b l\\./

wle 1=H mm.O— =Y
MOSN31 SS3¥iS

NNO

__.O

47

oo




T T T T T I

€€ aunb 4
JIsw 002 001
IS0
2KdOYL0SI
8v'0
mwo

¢S o

| 490
€lg

\»N_O

SS3YLS JINOLVIAGQ

ot

NOISSIUJINOD

HOI3TAVY d

|

A

2lq

__O

48

P




|
n
o
)
o«
o -
o
o -
}
1<) ]
x
o
t } p { }
Q o M
MAX VERTICAL TENSILE
STRESS Quu

25

20

1S

10

RANGE (m)

Figure 34

49




PHG |1-06 STRESS PRED.

2

SS3Y¥1S

4

=5

FUASNIL TIVILYIA XVYN

!

.
.
.

DEPTH (m)

Figure 35
50

A RN ——— T




9¢ aunb4

530" \\l/\l <2 — 1\//.\!00
so—— \J ol \(S\/\l
M

800 I

whis !

'O oyos suossjod
90°GO‘v0-1 O9Hd AHVWWNS 324N0S




L€ aunb {4

23sw 00 0]0] (0

LI ] ¥

l\./\/./\/\ 90
ggor S ® ;
I\\/\/\/\ lljxi(.\/\(/).\%)k/?,\ €0
Iv0o’

VAL &
o h 1\.\‘/\/\/\/\;\})? 0
9¢00’

s/ £

1"0 o}4Dd s.uossjod
90°GO‘v0 -1 9Hd AUYVWNNS 32UNOS

e s ————




CONTAINED HIGH-EXPLOSIVE
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INTRODUCTION

During August of 1981, the Air Force Weapons Laboratony, in .conjunction
with personnel from the University of California at Berkeley, instrumented and
detonated a chemical explosion of 253 pounds buried at a contained depth of
11.5 meters. The explosive used was a TNT sphere 20% inches in diameter. The
test was fired in alluvium. .

The purpose of this test was fourfold: (1) We wished to conduct a highly
instrumented contained explosive shot in a relatively simple, known geology.
Such an experiment would allow a careful characterization of the explosive
source from a seismic point of view. (2) The fully contained test, in con-
junction with a variety of depth of burst tests (already completed) at the
same test site, would allow one to assess the importance of burial depth on
source characterization and relative coupling. (3) The fully contained che-
mical explosion (HE), in conjunction with similar nuclear explosion (NE) data
sets from the Nevada Test Site, would allow one to study the differences of NE
and HE sources. In particular, we hoped to study the applicability of various
scaling relations trying to develop separate procedures for source and propa-
gation path. (4) Spall or tensile failure of the soil as identified by -lg
dwells on vertical accelerometers followed by impulsive rejoins on the ver-
tical and radial accelerations was identified on records from a number of sur-
face and near surface bursts. The mechanism of spall for these tests could
not be explained in terms of a compressive wave leaving the source reflecting
as a tensile wave at the free surface and then failing the material. In order
to tie the surface explosion spall data set to the contained nuclear data, a
contained chemical explosion was suggested.

We intend to include no analysis in this report. The purpose of this work

is to outline the experiment and present the observed data.
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TEST OUTLINE

In order to begin the resolution of the four questions already outlined, a
contained 253-pound (TNT) chemical explosive test was deéigned: The test site
was chosen to supplement a series of depth of burst studies already completed.
The site was plane layered alluvium, close to the Air Force Weapons Laboratory :
in Albuquerque, New Mexico. |

The instrumentation array for the test consisted of three distinct sets.
The first part of the instrumentation was made up of close-in accelerometers
mainly distributed along one radial (Figure 1). The primary purpose of these
gages was to yield good spatial control on the nonlinear processes close to
the source and then transition into the near-field part of the instrumentation
which will be used for the seismic characterization of the source. We were
particularly interested in the timing and propagation direction of the spall
phase, so six 2-component gages were placed at a radius of 1 m from GZ in a
vertical array. In order to maintain some azimuthal control close-in to the
source, two additional azimuths were instrumented at the 3-meter range (Figure
2). A1l these gages, which were later digitized, were recorded on analog
tape. The FM tape drives are run at a high rate of speed, since the shot
time is known and the signals quite short. As a result, good signal to noise H

ratios are obtainable, assuming good preshot ground motion estimates are made.

The data from this test were digitized at 5000 samples per second with a -1
5-pole butterworth filter at 1250 Hz. A total of 48 gages were fielded. |
The so-called near-field array was fielded with the help of Lane Johnson

and Tom McEvilly from the University of California at Berkeley. The primary

design of this part of the instrumentation was to give a data set which could
be used to characterize the explosive test seismically. Simple cube root of

yield scaling was used to give array dimensions comparable to the 2-20 km

2
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spacings we have used previously for nuclear shots at NTS. A surface view of the
near-field array, along with some of radial close-in gages, is given in Figure
3. The near-field array spanned the 50 to 150-meter rangé with the largest azi-
muthal separation of gages being 602, Each station consisted of a 3-component
force balanced accelerometer recorded by the DR-100 digital event recorder.
The data were sampled at 200 samples per second.with a 5-pole butterworth
filter at 50 Hz. Eleven stations were fielded for a total of 33 possible - ‘i
records.

The final instruments were placed at 1.6 km north and west of the shot
point. From previous tests, it has been learned that at these distances, fun-

damental and higher made surface waves become important. Each station con-

sisted of a 3-component Sprengnether S-6000 velocity gage recorded by a Terra

Technology digital event recorder. The data were sampled at 200 samples per
second with 5-pole butterworth filters at 70 Hz. Two stations 60 meters apart

north and one station west of the shot were fielded for a total of 9 com-

ponents of motion.




DATA_SUMMARY

A1l the data recorded from this experiment are reprodgped in this report.
Of the 48 close-in gages, 45 were recorded, two of which ¢lipped--gages 1334
and 1337. Figures 4 through 12 contain the close-in data. The signal quality
and signal to noise ratios are good for the data set. Longer time windows are
available as the analog tape recorders were run for five minutes following the
explosion.

The near-field 3-component accelerometer data in the 50 to 150-meter range
are illustrated in Figures 13 through 17. Of the 33 gages fielded, 28 yielded
satisfactory data.

Finally, the 3-component far-field velocity data are given in Figures 18
through 20. Nine out of nine gages operated satisfactorily, yielding good
quality data.

Out of 90 total gages fielded in this experiment, 82 yielded good quality
data for a 91 percent return rate on instrumentation. The signal to noise

ratio of all the data is high (50 db or more) and so will warrant careful

analysis.
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EXPLOSIVE

The spherical charge was 20%" in diameter and was mad% of TNT. The burn
rate of TNT is approximately 20,000 ft/sec giving a detonation time of 42
microseconds. To check this estimate, a number of similar TNT spheres were
instrumented with time of arrival crystals which break when the explosive
front reaches them. The data from these crystaIS for a 1000-pound TNT sphere
are summarized in Figure 21. Assuming it takes 8.7 microseconds to break the
time of arrival crystal (supported by experimental evidence), the burn time
for the sphere was 55.8 microseconds with a maximum 2-microsecond variation
across the sphere. These numbers yield a burn rate of 24,492 ft/sec and a

burn time for our 253-pound TNT sphere of 34.5 microseconds.
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GEOLOGY SUMMARY

The geology of the alluvial test site has been extensively studied.
Downhole logging, as well as P and S wave refraction survéys; has been con-
ducted (Stump and Reinke, 1982). A summary of some of the P wave refraction
data is given in Figures 22 and 23. By using this data, other surveys, geologi-
cal hole logs, and first arrival time data from.explosive shots at the site,
the average velocity structure of Figure 24 was.arrived at. A simple 3-layer
over a half-space structure appears appropriate. The effect of these layers
will certainly depend on the wavelength of the energy passing through the
structure. Much of the observational waveforms indicate that at some ranges,

a simple half-space may adequately model the data.




FUTURE_WORK

We feel a high quality data set giving good close-in apd near~field
coverage of a contained explosive source has been created. With this data
set, we intend to characterize the source in the nonlinear regime including
fairly sophisticated material models and do an equivalent elastic represen~
tation of the source from a seismic point of view. It is hoped that the
nonlinear modeling of the source will allow us to understand the physics of
the phenomena occurring very close to the explosive and that this physics can
be used to explain the equivalent elastic source representation developed from
the near-field seismic data.

Comparison of the modeling and source characterization of this scaled chem-
jcal explosion to similar work on contained nuclear explosions will allow
investigation of chemical and nuclear explosive differences and problems in
scaling. We are particularly interested in pursuing the idea of scaling the
propagation path and the source separately.

In the long term, it is hoped that a series of these small scaled experi-
ments may be conducted in a variety pf geologic materials. This work should
allow us to determine the influence material responses have on the seismic
source characterizaton. We hope these experiments could include material

asymmetries, such as faults and bedding planes.




{ a4nb4

13NV IUNEIA ¢
1320 viavi aNv vauL3A Y

INL 39162
wog'H
vy |osz
| v \j L Rl
« Y v | { otz
\ « Y 1 os
L .
I B I B
s £ -

1V3HI
SNOILVLS NI-3SOW TMIV




AFWL CLOSE-IN STATION PLANS
CHEAT

1085 m

A

18.35m
Figure 2

9




CHEAT DISTANT STATIONS
? 1.6km for field vel,

@ AarFwL 2 comp ACCEL
A UC BERKELEY 3 COMP ACCEL

SOm

Figure 3
10




h ) 3
x =
e g 2
S W X EN =
X9 +» &5 w
-l g
< x Qo 3
'7'29" $~€-L01 0. .00 0.3 AR £3/01/710/01»1301
g '
]
£ S
5 -
e [ - - m m W @ =
N UEIL)
n.N. - 1301 €.U. - 0.000, 4.20 VSN-AB47
7S¢ 2008, 400 GIGtTs- 0.000, 758.000 mwea2
S.R. = S.00 g 0.57 WLFRI, 28 AK 85, [ {¥ <
OCAT &-£E-101 0. 1.00 0,78 AR £2/01/10/03«1 303
- j
g am
5
£ L3
§ NEVN A
vk
L S
» » ) -» t.J = ne L] -
TInC I
LIRS} €.u. = 0.000, 4.500 VSh=rB47
TSz 1Pe 2005, 400 DIGITS~ 0.000, 746.000 ™e2
S,k = 5.00 K 0.57 M,FR), 23 AL 81, FILL-E
OCAT €-L81 0. .00 1.50 AN MII)U_B_S-_ﬁ
g »
[
A
5 [\
* M B 4
-
- [ - -» m_ W W @ ™
L -
ne = 1%8 vy - 0.000 .40 el
TS 1P 2005 40D 016173+ 0,000, 017,500 ™ee
Sk «S00 Q2 0.57 ML), WAL 81, FLE-10
T = - e G NG i i

N DEM £ 0. 1.00 0.23 AT €2/01/10/82-1302
- » i d .
g -
g T
5 {
i
¢
A ] T
° - va i} = ne - " - " -
. TR L)
nw. e 1302 €.u. = 0.000,"¢.200 vSnerBe? |
TSKiPe 2005. 400 0iGiTs- 6.000, 7Si.500 e
S.8. = 5.00 ket 0.57 m,FR1, 2 AL 01, Files |
oAt G-C-tg) 0. 1.00 O.76 A1 CI/OLAIODAIIR
m
A
g
&
\ B
RN " T 1]
{ j 1]
"’ * - w = "I‘I‘hl - b - ~ -
- 3
M - 1304 €.u. - 0.000, 4.500 TSNeASe l
o L. 40 016115~ 0.000, 857.500 Torgl2
E;f’- 2’%’5 " 0.57 MLFR], 26 AK 81, FILeE
ocnt ¢-€-L01 0. 1.00 1.0 A1 |:2'|'.nm,4‘:1_-£l>:TI
- |
Tl
. ! ™
B [
-3 I
¢ r :
é h '
i 1
Figure 4 . Tl
1 ) - l Ln N @ o
' L TR trace)
nN ~ 3306 t.u._ ~ 0.000, 5.0 VSheB4?
YSKiPe 2008.400  DIGITSe 0.000, 750 500 e
« $.00 &Y 0.57 wiLfRI, 2B AK & FiILC-12




=
x () =
- EN F3
O w T O
E O = &g W
- 2 0 3 [C]
N « w oXx <
« & OO0 (]
___otm G-C-L01 0. 1.00 2.30 AR £3/01711/702=1307
[Y T !r— r—
T
g "
8
.
E ».
I
AR aY. ‘
an . !
[ » [ e x ne -» » - o -
TIRCISLe)
A% - 1307 €.u. = 0.000, $.800 VSieAB4T
TSV 1P~ 2005.400  OIGITS~ 0.000., 7¢4.500 wr2
SR =500 0Q 0.57 M, PRI, 28 AG 81, FILE-1¢
ot 6-£-L01 0. 1.00 4.30 & * £2/01/11/04=1309
i ! H H
kS d
E e
é n
- 1.3
é AW/ A
. Y Y
1.3
-2 [
. - i g ¥ t 4 m - e - ”e L ]
11 IEET)
e . (%07 €.U. - 0.000, 8.500 [
TSKIP~ 2005400  OIGITSe 0.000, 846.500 ™C22
Sk -5.00 0.57 M.FR), 28 AK 8. FiLL-18
- 3.1 6-€-L01 0. 1.00 7.0 AR £2/01712/01=1 11
el |
¢
ing T
» J
l
g 1.9 "
-] T
g qr
5
B 8]
B
R A%
L) A J [ - ne - » L _J ~ -
TIRCtrnee)
nN -3 L. » 0.000, 20000 YSn=iB4?
™riP- .40 01GITS- 0.000, 784 %00 wer22
S0 - 500 8n 0.87 m.rRl, 20 AX 81, TIL-22

ACCELEWATION165)

ACTOLOPATIONIES)

Figure 5
12

ACCOLDWTH ON183)
> .
<

ocm e-L-L08 0. 1.Ov 2.0 Al

4

€2/01/11/03~1308 N

[ ] » o = e b » -4 e 0t

TinCunes) :
mw . (30 T - 0.00, 580 et ;
Txite 2006.400  OiGITS- 0.000, 747.500  TAACS2
SA - 5000 0.5 MR, 28 KE 81,

FUL-16

o€ G£-Lo1 0. 1.00 4.30 N2

£2/01/11705=1310 by

s
A
* i N by -
-
-t$ 0 xe ™n - o o
] L ] - w » - )
NN - 1310 €.u. = 0.000, 9.400 VSN-?V
TSK(P 2005.400 DIGITS- 0.000, #37.000 ™2
S.R. - 5.00 k@ 0.57 M, fR1, 28 AK 0). L0
ocnt 6-C-L01 0. 1.00 7.0 A2 €2/01/12/02+1312
- T 1—.‘
-y
»
» 7
Y-
[ - [ - - L t _J ne L} L} ”»
T ac)
NN - 1332 £.V. - 0.000, Xi.000 [l
TSRiP- 2005 400 pICITS- 0.000, »S.000 w22
SR - 500 0.57 MM, B AL 9. FiLL-2t |




ACCELEMAT § 0N 16SE

ACCELDRAT 10N 163t

ACCELERAT INN1GS)

ACCELERATION IR

ACCELEMAT 1OM 1650

ACTELLRAT i 0N 1659

c 3
- w 2
2w < § N z
2 O feeg H a
Na &2 <
@
< x Qo0 o
pen LD, &11.1— 0.2 AR £2/01/)2/035313
3 A
a1 A -
®n [t ] t ] 0 o n
Trcirser « ™ o=
nN. = 1313 €.u. « 0.000, ¢.000 VSN=AB4?
TSKIP 2005.400  OIGITS- 0.000, 739.500 e
S.A. = 5.00 kN7 0.57 MLFRI, 28 MG 81.  FILL-26
oEMt . 3.00 .76 M2 €2:01/12/05«I315 -
-
N
N
k » k, k] k] - L, -
TIRC trscet
fnn «1m18 €.u. =~ 0000, ¢.%0 YSHeABY?
TSKiP- 2005.400  DIGITS~ 0.000, 431.000 ™
S.8. = 5.00 K2 0.57 M, FR), 280 AG 81.  FILE-X
oLm 0. 3.00 4.3 AR ___£2/0:/13/031318
M
b/
[ ] » _J " - o - - " o
LG -1
e - 1318 C.u. - 0.000, 7.800 VSv-pe?
TSEife 2005.400  OIGITS- 0.000, 746.500 ™22
SR - $5.00 M L€7 MLTR], 20 RS 81, TILE-%

orm
1 WA
. w
N o~ 1314
TSvibe 2005. 400 OICITSe 0.000, 835.000
S.R. = 5.00 kM7 0.57 M, FR), 28 AK 81
ocm 9-€-102 0. 3.00 1. 1
° [ = o) m
TIMCUTSEC)
"N - 1316 Y.
TSV {P= 2005. 400 QICI TS 0.000. 7S3.500
5.8, - S.00 xi2 0.57 m,FRI, 28 AKX 7).
oen
. »®» »
mw e 1312
TS 1#e XA, 40O DIGITS=- 0.000, 749 000
PR R TR LA 0.57 miLTR}, 28 AK 81




,
K|
J

- R
& b3
~ z ~ >
't w x z
209 a8
2z a 9
” g W [ 4 <
e 0O (-]
OON_ G£-02 0. 3.00 4.30 A2 C3/01/13/04=1319
g "
E
)
Is
v
1 ] = o ) == e - - o -
THrC IS
WM. = 1319 C.u. ~ 0.000, 7.800 VST
TSt1Pe 2005.400  OIGITSe 0.000, 841.500  TAPC22
S.R. = 5.00 m2 0.57 WLFR, 20 AG 81. FILEL-TA
PR - G-£-103 0. €6.50 0.23 AR €2/01/13/05~1320 . _oeat G-E-L03 0. 6.50 0.3 A2 €2701/14/01%1324
a
© LB -
g g
- R\ 7 // \"\-\ | g
'\‘% n 4 1 )
. JI 1 ! [$a L ANLA
| EIAAY
. | RELVA
Rl » o " = m @ ™ w -
TirC trEC) » w 10 = ll!tlnlﬁ) = n L] o -
WN. = 132 €U - 0.000, 3.400 VSN-ABT P ; - v
TSrIf- 2005.400  DIGITS- 0.000. §35.000 meC %:'p. %,.w E;‘;‘m. ::3: ;gmw waz"
5.0 - S.00 kWY 0.57 W1,FRI, 28 AG 85  FILE-40 S.h. = 5.00 12 0.57 M1, 28 AK 81.  FILE=42 |

(_OCM_ G-£-L03 0. 6.50 0.76 M7 E3Di/14r03-132
{ R
! T

AELERATION165)
"
T
[
JRROY—

Fiqure 7 2 1
] »

- m = L. " -
TinC s

14 na - 1122 T.u._ - 0.000, 3.700 [l
TSKIP 2005.400  OIGITS~ 0.000, 763.%00 22
S.A. = $.00 d 0.87 M,MRI, 20 AC 81 Flleae |




03 0. 6.50 4.% AR £2/01/14/05=132%

ACCOLOMAT 10N RS}

L_DEN  G-C-u
T
|
1]
L
% -
& g
i &
i
§ :
3 £
-
[ » - - n - - o -
TinCiraLe)
ne o 11X €.U. = 0.000, $ 40 VNG 4? F1 gure 8
TSa (%= 2005. 400 0IGITS+ 0.000, 823 000 g 7]
LR «$.000Q 0.57 M,FR), 28 AK B} FILL-%0 N ]5

VST AR -

4 I S —— =

o —

1]
z .
£, .2 2
.2 W z oN z
5353 ¢
d 2 8 8= -3
. w:n] SEL0) 0. 630 150 A2 C201/18/0313
]
3
- -
-
]l - N j
[1W ] ;
- h | |
L t ) ] ne t _J no k- - "o - -
TINCIMSCC?
naL e 13D €.u. « 0.000, 4.000 ”
Torite 2005.40  DICITS- 0.000, 724900  IawCey
S = 5.00 KM 0.57 MLFRI, 25 AK €1.  FILC-45
. OEAT G-E-L03 0. 6.50 2.30 A2 £2/01 7147041324
£
5
\ WENY
hd Lty
v » " 10 9 m ™ M @ W™ w
TIMC(MSEL:
"N - 134 E.u. - 0.000, 4.20C VSN-AB47
1SKIP= 2005.400  DIGITS- 0,000, 8%3.000  TAPC22
S.R. = 5.00 n2 0.S7 AN FR), 28 ARG B). l'llI-d!Al
o _OEM €03 0. 6.5 4.30 N2  C201/18/DI=IRE 1
= T 1 71 ]
1
i
i
-y
yusit ‘
(I | i
- 11 ] [
w L] [} ] »r m = n» « ot -
L 411, <4
LI} Eu. - 0.000, $ 400 TSR YT
TSriPe 2008.400  DIGITS- 0.000, 754.5C0  TAPCR?
SR =S 0N 0.57 Am,FR), 28 AKX 0 fIC-52




ACCOLEMAT 101654

- N
= g !
£, . & 2 |
53 W T O N :
39 = a 3 w
NE W 2 e
«x o OoFf ©
OCAt  G--L04_ 0. 10.85 0.23 AR £2/01/15/021307
T T 1 T 0 DO G-£-10¢ 0. 10.85 0.7 Al L3/01/18/M3e13
- R 3/81/
T
i
i " |
- 1
, B |
i 5 4
[ ] » L) -» m xn ne -« - = -+
RiL 41, = 3 . - - ) - ™ = » - - ””x
. et
MN. = 137 €.U. - 0.000, 2.€00 VSN-A817
TSKiP~ 2005.400  OIGITS- 0.000, 7S2.000 R AN = 1325 E.u. - 0.000, 2.600 [ el
S.N. « 5,00 G 0.57 MLFRI, 28 AK 81,  FILCeS4 TSK(Pe 2005.400  DICITSe 0,000, 725.000 ™22
S.R. = $.00 K 0.S7 ALMMI, 23 AG 01, FILESE |

oem S€-L.04 0. 10.85 0.76 A2 £2/01/15/04=1329

ACCELDANT 1 0N 831
4
<
itk

» w " -» ™ » - - -
NrCusee)
na e 1329 €.U. « 0.000, 2.700 YSh=AB47
TSV 1P= 2005. 400 DICITS« 0.000, #30.000 ™we22 .

S.R. = 5,00 k2 0.57 M, fR), 28 AK 8],  FILE-SY

N . A 0L/ 330
DEM __ecie 0. 1065 180 NI L2
g*
]
L}
E P
N
] v
i N ™ m™ wm @ o
Fi gure 9 CRRC T T
N VSheBe”
]6 nu - 1330 €.U. - 0.000. 2 900
iPe . 400 DIGITs- 0.000, 031.500 TC22
2:. - m (L] 0.57 m.FR], 28 AL 01, FliL-60

T ey - o e




[ .
2 b
z W 2
- sN =
QW x -
2L 5° ]
N < o
< & g Q g
3N G-E-10¢ 0. 10.88 2.30 AT £2/01/18/01.1331
s . -
l .

L3+

oot ioniess
3
)

= ™ m»
T unses)

n.n = (33t C.U. - 0.000, 3.000 ySh=-ra47
TSKIP 2005, 400 DIGITS- 0.000, 74S.500 LD
-R. = S.00 g 0.57 M,FRI, 0 A% 81.  FILE-G2 '

S. K.

o€ G-€-L0¢ 0. 10.85 4.30 AR £2/01/16/021532 P, x4 SE-LOY 0. 10.85 4.30 A2 £3/01/18/031333

SCOELEAY 101631
CCELOWY v 169)
,

R Ny
h Al
am
™ » = ) » " -« ~ = . -
. nremee L e ™ M @ @ m
ne e 132 £.V. = 0.000, 3.500 YSN-AB47 In.n = 3333 AT
TSKiPe 208400 OIGITS- 0.000, 759.500  TMLZ2 TSR 205,400 DiGiTs: Gy foien | TV
SR -S00KIE  0.57 MLFR), 20 AKG 8.  FILCe64 SR - 5.00 KM 087 e m
.t - . 10.35 0. 2 M-1375
an SLA0% 0. 1038 013 AR C2/01/1eroemiTHe vo DEM __ GE-105 0. 10.% 0.3 1“ ':|nnlxs~s-
| [N
s .
a L
- n i AT A 1 [
g Z L7 [l |
g A 1A g o Ji [ )
£ |
=3
- 3
.. - '
49 ¥
an =
L ] - » » b » -
¢ s = "™ = * ' nircice)
Tnw = 134 tu._~ 0.0, 1,50 vIne Figure 10 MW e 13 €.u._ - 0.000. 1 750 VINABAS
ITsxis- 2008.40  OIGITS- 0.000, @i¢.000 ez TeriPe 2005400  OIGITSe 0.000. 945900  TAeCRD
|3.R. « $.00 0.7 m,FRL, 28 A% 81, FIL4 | 17 3R e 5,00 W 0.7 WLFRE, M AK 0. FILE-T0

- T Lt - m—— -




ACCOLORATION1ESY

ACCOLCSATIONIGTY

ATCILERNT LRSI

s 2 z
S8 = 2, w
= a g : o
N w o
« e © -]
OCM 6C-US 0. 5.00 .38 AR £2/01/17/01=1338
[ X
| TTTF"—T 1.1 |
! |
& A‘% l
Py l I - aV
TIN A
Y vt
- .
L
]
-
[ 3 » _ L ] ~» ”m = » L} o ]
Tacirece : | p
: !
v - 15% C.u._ - 0.000, 0.8:0 VS-rau e
Itsare 2005.400  DIGITS- 0.000, 1577.500  TARCR2 ’
{s.n. - 5.00 02 6.51 MUD, 30 STF 81, FIL-T2
eoDEMT__ G-L-LO? 0. 73.00 -0.72 A R Y £2/0i/17/031338
| i ]
| | |
ssr—1—+
[
a?
- We
L Y l l T y -4
oy |
N 1 !
”» » m -~ » - n - e t ]
i)
Mm% = 138 €.0. - 0.00, 0.20 vsn-Be?
TSKIP- 005.400  DIGITS- 0.000, 720.000  TAPCR2
AL RN TR .51 M, 0 37 0 ie-76
OCM  G-€-L08 0. 230.0_-).M A R 98 £2/01/17/08=1340
(9.} T_‘ _T—.
(Y
-
was
\ [a s
- e k
-8 T v
v
Raat ~Jaar-S - - ™ W - um e
PIAC raEL) ;
n.n - 1340 C.U. = 0.00n, 0.U80 VSeADA?
TSE1P= 2005.400  DIQITSe 0.000, 81C.S00  TAPC2
SR~ %00 M2 6.5: MWD, 0 0. FILLW |

ACCELEMATICH 1CSE

LanrsRi bl 11, 1]

Figure 11

18

OCM  &-C-06 0, 35.00 -3.30 A1  C201/10/03«13W
0 -0 L2709 /10702135
fJ__ I [
B i
L]
T
g
E p o
5 1 b fue - \
L) ] \
u H N
I !
IR
t 3 » -l‘ td b il » ”e - ] -~ L ]
. : T ImES)
n, - 133 C.U, e 0.0(C, 0.040 VSh-AR47
TSKIP~ 2005.400  DICITS- 0.0, 742.500  TAPC22
SR, ~ .00 KK 6.5) MLLID, 30 TP 01, FliL-3
0o D€M_ _G-€-L07 0. 73.00 -0.72 AT S E3C1/17/0¢iTN
v [N v [
{ !
. T
[ X
A
[ $ v
R fa :
. ! NN A o
o MAAVAR 4l
T X “ [
- \ N
e "~ » ”» -~ L] ”m »
TINCOTED)
w1330 €.U. = 0.000, 0.230 YSNe4?
I7SK1P- 2005.400  DICITS~ 0.000, $79.000 ™22
Ls.n. - 5.00 K2 6.5 M MD, 30 S 8. FUL-TS |
con T __ G100 0. 3.0 1M A2 W L01/18,01e1M:
) |
s - -fr—+ T tr- =1 { |
4 1= . )
L aln ) ! |
T+ 1t (\ \ “
(¥} -H-- } 1 4 }\4- ) ’\
ot A 11 AU
1 WIu: J Y1
B O
R 1 ] l%
w1 | ] l
) L) - L] - - Lo ”» 199 ne e
T8 e
;i’fu’ ST nb a0 T Tyseger |
TSCIF AXL., 400 I N TI ] b PO
.-s R e H.51 MR, 30 T B it -8 It




b] E]
z
W E A =
28 83 w
= s a = e
<z ¥ 8F o
(1]
ot __SLouo 220 00 he_ cami e e DCM _ GE00 10, 3.0 0.7 A2 C010nl1In
§ ¢ g ™1 r
8 H -
E 1 £ v+t
1 T
—
\\ N > P, asd A
) TTIN
W CTT IV
M y
L »n - » » no = " - [ ] - s » - » - » » » - L bl
TInCIrEED) TirC 11T
LIRNEE C.u. = 0.000, ¢.000 o4 N e 143 €.U. - 0.000, ¢.000 YSheAEST
TSA (P~ 2008. 40 D1GIT5~ 0.000, 734.500 W2 "-rsnr- g‘s.m OIGITS- 0.000, 744.000 mecs
S.R. = 5.00 0@ 0.57 MLFRL, 28 AK 81  FILL-8¢ $.M. * $.00 K 0.57 MLFRI, 28 AK 81, FILE-EE )
O€AT  GE£-L10 340. 3.00 0.23 AR £2/01/10/05=13¢5 ocm M:-uu% 3.00 0.2 A7 rzmmml-isee ll
10 240. 3.0 L l
t !
e 1 ]
- - I !
£’ g " '
& & 1
c LA {1 A\ T aedd 1
E A t '
. l ¥ L | !
I 1 | [
[ I [] '
a1 \ i ;
4
« | |
- » - » ".‘" i a - - - = . [ - n = nvt':u) =» -« -~ -
. - - YStne? | NN o 1346 €.u. = 0.000, 4.000 YSn=AB4? |
TScive 3005, 40 Sikirse oo 850 b lom g Trire 2008400  OiGITS- 0000, 751500  TAPCZZ
SR« 5,00 0 0.57 MLFRI, 28 AK 01.  FLLE-20 SR «5.00 g 0.57 MLFRI, 20 AG 1. FILE-C
1 T
Figure 12
19
© T T ® ow— - = T I R O - —————




SIR 37. cm/s2

[} .20 X1} X1} 1] 1. §@e¢C

SIT 85.3

SIZ 470.5

Figure 13

20

T AR e 2 R s =

'S2R

196.8 _

SaT

«88

49.8

s2z 191.9
|




“S3R 389.5 cm/s2 S4R 142.9

S3T 53.6 aT a2.1

Figure 14

21




86.6 cm/st

SS5T

30

31.7

§5Z

.20

116.5

-~

Figure 15

X1}

1Y |.‘ 22

227.4

S6T

66.4

S8




[ ] i L] e .4 - 88 L B

S7TT 197.5

d

* 1) .90 40 .08 3.

S8R 356.5

S8T I57.1

v

$8Z 316.6

*

—

Figure 16 . .: 1) YN 1) ).

23




SIOR

95.7cm/s2

SIOT

31.3

86.1

Figure 17
24

SHR

322.2

SIT

177.0

SiiZ 291.9
i




-—ff.‘M’MMWW el c_

R
S w\fvm’\/\/\/\/wfv”wwww

—drm e ace

T
g\ «.-\.»p}‘.\ﬂ "«n, (WVAJNM/\W\J—I\/\"\PWM e
| o T Y Y Y T T T T L i
o | 2 3 4 5 6 7 8 9 10 sec
b .
7]
U
~N
E
(8]
~
¢
o
o Figure 18
25

I - . T e et o e T
L " . )




AD=A119'286 AIR FORCE WEAPONS LAB KIRTLAND AFB NM F/6 18/3
EXPLOSION AND EARTHQUAKE SOURCE DISCRIMINATION.(U)
" MAY 82 B W STUMP: R E REINKE AFOSR=P0~82-00004
UNCLASSIFIED AFOSR=TR=82=0733 NL




0.047 cm/sec

- Figure 19
26




—‘Ww’t !

— ey

i
= |

o I 2 3 5 6 7 [

o

8

E

G-

~

<

e

o

Figure 20
27
L E

. — i




DETONATION TIMES
of TNT SPHERE . . .

€3.7 m se_c.

64.1

63.7

63.9

. 65.

Figure 21
28




TIME (ms)

130
120
110

29

Figure 22

WEST SHOTPOINT

36
RANGE (m)

42

48

EAST SHOTPOINT




Figure 23
30

0.00 3.05 6.10 9.15 12.20 1525 18.30
WEST SHOTPOINT RANGE (m) . EAST SHOTPOINT




S T S =

At

ALY AT o

v 4

REFRACTED P (Py)

REFLECTED (P5)

REFRACTED (P2)

REFRACTED (P3)

2

o ] = 366m/s
Qd = 244m/s

Py = 1.80 gm/ce

hy =3.36m

ag =871
“” = 368
Pay= 190
hg = 10.00

.ﬁal 823
‘“ =20
hg = 10.70

og = 1128

e =010
Pq =2.10
,. = 00

Figure 24

N




R o N, . a4 e ————y] i a e - e .
B T . L T T R ittt da i — Iamatag
.
.

OBSERVED AND COMPUTED SEISMOGRAMS
FROM SMALL YIELD HIGH-EXPLOSIVE EVENTS

ROBERT E. REINKE
BRIAN W. STUMP

Air Force Weapons Laboratory

KENNETH H. OLSEN

Los Alamos National Laboratory




e,

Local (1.6 km range) seismograms have been obtained from seven high-
explosive events fired in alluvium at the McCormick RanchtTest Site a few
kilometers to the south of Albuquerque, New Mexico. The recorded events
ranged in yield from 253 pounds to 16 tons. The explosive configuration
varied from above ground and buried single charges to surface bermed and
buried distributed charges. This series of sho;s provided a unique oppor-
tunity for studytag the effects of source cdnfiguration, yield, and geologic
structure upon the observed seismograms.

The McCormick Ranch Test Site is situated along the eastern margin of the
Rio Grande Valley in Central New Mexico. The site is underlain by fairly deep
alluvium. Most of the shots were fired in near-surface playa deposits. An
idealized 2-layer over half-space geologic profile is shown in Figure 1. This
profile represents a surface layer of dry alluvium over a layer of wet allu-
vium in turn overlaying a paleozoic half-space. The properties of the first
and second layers and the first layer thickness were determined by shallow
refraction surveys. Properties of the paleozoic half-space were estimated
from the results of a nearby shallow seismic reflection survey.

Figure 2 shows a schematic diagram of the charge configuration for each of
the seven recorded events. Three of the shots were single charge depth of
burst (DOB) events, 250 pounds buried 2.5 meters, 253 pounds buried 11.6
meters and 2.5 tons fired at a depth of 9.8 meters. A fourth single charge
event consisted of 1000 pounds fired surface tangent to the ground surface.
One of the distributed charge events was a 0.5 ton HEST (HEST {s an acronym
for High Explosive Simulation Technique). The HEST charge configuration con-

sfsts of a uniform layer of explosive spread over the ground surface which in

PO



turn is covered with an earth layer in order to contain the air blast and

increase the coupling to the ground. Another of the distributed charge events X

was a 16-ton DIHEST (DIHEST is an acronym for Direct-Induckd Hidh-Explosive
Simulation Technique). The DIHEST consisted of 16 tons of explosive buried at
a depth of 10 meters in a row of 14 drill holes spaced 2 meters apart. All

charges were detonated simultaneously. The third distributed charge event was

2 combined HEST-DIHEST event made up of a 16-ton buried DIHEST and a 0.5 ton
surface HEST. The HEST center was approximately 30 meters distant from the
vertical axis of the DIHEST. Both were fired simultaneously.

On all events, stations were placed at a range of 1.6 km to the north and

west. On some events, a 2-component linear array was placed at the north

stations. The stations were made up of 3-component, 2-Hz natural frequency
F seismometers recorded on digital cassette tape at a sample rate of 200 samples i
| per second.

Samples of the records from the seven detonations are shown in Figures 3,
4 and 5. A1l of these records are from the 1.6 km north station. The first
four (250 1b 2.5 m DOB, 253 1b 11.6 m DOB, 0.5 ton ST, and 0.5 ton HEST)
records in each figure have the same amplitude scale so that direct com-
parisons may be made among these twelve records. The amplitude scale on the

fifth record (2.5 ton 9.8 m) is five times as large as the first four (i.e.,

an excursion of the trace on record 5 represents a velocity amplitude 5 times
that of the same excursion on records 1 through 4). Amplitude scales on the
last two records (16-ton DIHEST and 16-ton DIHEST + 0.5 ton HEST) represent
motions 25 times greater than the first feour records and 5 times greater than
record 5.

Examining the first four records in Figures 3, 4, and 5 (the low yield
events), the HEST event appears to be the most efficient at coupling energy
2




into the ground. The surface tangent burst is perhap§ the least efficient as

far as energy coupling is concerned, with the exception of the Prominent air

coupled Rayleigh wave appearing at about 4 seconds. ’

The 11.6 m DOB records show a very nicely dispersed fundamental mode

Rayleigh wave train with a rather sharp cutoff at the end indicating the pre-
P sence of an Airy phase. Almost all of the records contain two groups of sur-
face waves. The first arriving group is likely'composed‘mainly of higher mode
propagation with the later arriving packet being associated with fundamental mode
propagation. The HEST event records contain a third prominent high-frequency f
wave group arriving between the lower frequency higher and fundamental mode
packets. This arrival is apparently some type of higher mode surface wave as
well. Since this particular phase is not distinct on the records from any of

the other events, its excitation may be a result of the HEST type of source

{ configuration. In general, the fundamental mode surface wave frequency con-

tent appears to vary little from shot to shot. The main changes seem to occur

in the higher mode phases.

The body wave frequency content changes relatively little for the four low
1 . yield shots. The HEST and the 11.6 m DOB event seem to be somewhat more effi-
cient at exciting the higher frequencies than the 2.5 m DOB and the 0.5 ton ST

shots. The larger yield shots, as would be expected, excite body waves

possessing a frequency content roughly a factor of two lower than that of the
: four small yield shots. Unfortunately, the recorders did not trigger early

; ' enough to record the body wave portion of the combined HEST-DIHEST event so
that we were unable to determine what effect the simultaneous firing of the
HEST had on the Tower frequency DIHEST body waves.

d Given the asymmetric nature of some of the sources, we had hoped to

observe differences between the waveforms recorded at the north and west
3
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locations. Figure 6 shows a comparison between the north and west recordings
of three of the shots. As seen, there are indeed differences between the two
stations for the DIHEST event, which is a strongly asymmefric s;urce. however,
the north versus west differences are just as apparent for the buried
253-pound spherical charge. In general, the amplitudes are uniformly higher
on the west for all shots suggesting that the observed north versus west dif-
ferences result from local geologic effects. While source-induced azim :*
variations may be present, they are probably obscured by the local geol:
effects.

Rayleigh wave group velocity dispersion curves were computed, using
Haskell-Thomson technique, for the 2-layer over half-space model shown in
Figure 1. The observed dispersion for the first and second arriving surface
wave phases from the DIHEST event, determined using the zero crossing method,
was then plotted (solid circles) on the theoretical fundamental and first two
higher mode group velocity curves (solid lines) shown in Figure 7. While the
observed group velocity values are in the same range overall as the computed
values, the observed fundamental mode dispersion is normal while the computed
fundamental mode dispersion is inverse (higher frequencies arrive first).
Some adjustment to the assumed 2-layer over half-space model is needed to

achieve normal dispersion in the frequency range of interest.

A preliminary attempt at modeling some of the observed waveforms has been
made using the reflectivity code (Fuchs and Mueller, 1971). The code was
written by Rainer Kind and is in operation on the CRAY-1 computer at the Los
Alamos Natfonal Laboratory. The initial runs were made using the 2-layer over
half-space geology shown in Figure 1 and symmetric explosive and vertical

; point force source functions at a depth of 10 meters. The experimental wave-
| forms we attempted to match for the first run were those from the HEST and
!
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DIHEST events. The frequency of the source function in the reflectivity
calculations was set equal to that of the first P wave arrival observed in the
records from the corresponding events. N )

Figure 8 shows a comparison between two of the calculated vertical wave-
forms and the corresponding observed records. The explosive source function
was used for these calculations. Considering the simplicity of both the
source function and the geologic model input, the comparisons are quite good.
The observed and calculated DIHEST comparison is the best. There are a few
subtle differences between observed and calculated waveforms--the calculated
fundamental mode Rayleigh wave exhibits inverse dispersion, the observed is
normally dispersed (as we saw in the calculated versus observed dispersion
comparison), and the relative amplitude of the higher mode is a bit low in the
calculation as compared to the recorded waveform--however, the calculations
capture the overall character of the observed DIHEST waveform.

The HEST observed and calculated comparison is not as good as iihe JIHEST
comparison which is perhaps to be expected since the HEST is really a number
of surface point forces spread over a finite area rather than a buried explo-
sive source. The calculation fails to pick up the intermediate high frequency
higher mode surface wave phase and, again, the observed fundamental mode
dispersion is normal while the calculated is inversely dispersed suggesting a
need for a slight change in either the velocities or thicknesses of the input
structure. The calculation does capture the higher frequency nature of the
HEST waves quite well. Figures 9 and 10 show a set of computed vertical
seismograms from 200 meters to 2 km for these two calculations.

Since the initial modeling phase, a series of calculations using shallow

sources and slightly different frequencies has been attempted. Some selected

5
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examples of the results are shown in Figures 11 through 18. Figures 11 and 12
are from a calculation using a 1 meter point force at 12.8 Hz. Figures 13 and
14 are for a 1 meter explosive source at 12.8 Hz. Figure§ 15 ahd 16 contain
the results of a 17-Hz explosive source at 1 meter, while Figures 17 and 18
are waveforms from a 17-Hz point force at the 1 meter depth. The explosive
sources appear somewhat higher frequency than the point forces.

If the time scales were removed from some of these records, they would not
be unlike, in overall appearance, seismograms recorded at regional distances
from larger events. To determine if the recorded seismograms were in any way
scaled versions of those recorded at larger ranges from higher yield shots, a
simple wavelength scaling relationship was borrowed from the seismic model
laboratory (Goforth, 1976). The scaling relationship used and the resulting
full scale profile are shown in Figure 19. For the sake of argument, a factor
of 10 change in frequency was assumed between the McCormick Ranch events and a
150 kt event recorded at near regional distances. Using this value and
obtaining velocity ratios between the McCormick Ranch half-space and the real
earth mantle, an earth to model length ratio of 17.3 was obtained. The pro-
file in Figure 19 is the full scale earth profile modeled by the McCormick
Ranch events. The profile is not a very relevant one in terms of any real
earth- structure, however, it does illustrate the scaling principle involved
which applied to other test sites and events might yield more realistic
results.

These preliminary results indicate that body and surface wave responses
are fairly well modeled using the reflectivity technique at these relatively
close-in distances. The different source configurations result in some subtle

and some not so subtle differences in the observed waveforms. The similarity

in character of these waveforms to those recorded at regional distances from
6
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larger events suggests that it may be possible to study some problems of 5

regional wave propagation by using relatively small HE events. Although the
recorded events and geology at McCormick Ranca do not scale to any real earth

situation of interest, other sites might well be useful for small scale testing.
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SIMPLIFIED PROFILE

a= 850 mps B=365mps

p= 1.9 g/cc H=85m

a* 2000 mps B= 675 mps

p" 2.1 g/cc H=830m

=, = oau o

a= 4500mps B=2600mps

P"= 2.6 g/cc Hs©

Figure 1
9




2 duanbyy
uos 9| uoi 91 vojl ¢°2
000000 e00000 o
" voiso - .
1S3IH+LSIHIO 1s3HIa 900 wWe'e
‘ql €6 ¢
‘ ‘ql 06¢
2482 ““

L1S3H voi ¢°0 ls voj g'0 ©@0Q W9l @OQ wg'2

é:

——h v G €
TR

10




%‘Q“MJ\\/WV"M“W

VERTICAL

250 b 2.5m DOB

253 b 11.6m DOB

ﬂmwfw\% " [
0.5 ton ST

0.5 ton HEST

ﬁ"&%‘\t‘é\w e

2.5ton 9.8m DOB

—emet AN W~

16 ton DIKESY

-W\/\M/\/\/\IVM
16 ton DIHESTe« O5ton HEST
10 seconds

Figure 3
11




RADIAL

M.A’WW-

250 1p, 2.5m bos

WA\JMW A

253 1p, 1.6 m pop

'—W"\M\'bw ﬁ.&'ﬁ' VVWM
0.5 ton g7
i WM

0.5 ton HEST

"%1\4" e\ #
2.51on 98m pop ,
S NS e eepenn

16 ton DIHEST

A

16 ton DIHEST. 0.510n HEST
10 seconds

Figure 4
12

T e e rmrTrY—m - T
. i

B




i P -—-—1

TRANSVERSE -

A~ AAMMAMA
230 1d 2.5m DOB

m‘*‘ﬂ“"WJ\J'V\,V\M\-W\ -

253 1d 11.6m DOB

———..’JAMNM'MWW'M

0.5 ton ST

-*M»-W’""W\WWWW«MMV

0.5 fon MEST

S —

2.5ton 98m DOB

——NV\/*'\/V\N\/\NW\"-

16 ton DIHEST

t6ton DIHEST < 0.5ton HEST

10 seconds
Figure 5
13
s A—‘:.‘ e e e = T o - _ L



N —p&ww

o WWWWW

253 1b. 1.6 m. DOB

& S e

HEST
NN A~
DIHEST

Figure 6




, 2anbyy

spuodee w ,
08 0v 0t 02 01§ L 90 S0 »0 50O 20 Ld b

g — v VY -v

o
-]
L 4
18

008

puodes/sieisw

41006
40001
100N

40024

\ {oos:




uesT  Ob% "‘*"‘W\Il?l"\wl'fl'r‘““m:" | ]

cal. ..M‘W,VWW—

12.8 Hz. source

obs. ~#AA\te———

cal. —MMM.____

6.4 Hz. source

DIHEST

o

(=) & (o) N
1 1 . 1 ., | -seconds

OBSE‘RVED AND CALCULATED VERTICALS
1.6 KM. NORTH

Fiqure 8
16




‘WA

CALCULATED VERTICAL COMPONENT

, DIHEST (6.4 Hz.qource) N
H S (@) N o C
' L | ) L
N .

JONVY




CALCULATED VERTICAL COMPONENT
HEST (12.8 Hz. source)
| - ) ._. ~ -_.:' N |
o , S o N (o) cC |
o ) R 1 | I ] 1 | 1
™~ ) A
_ P
P )
>
<
()
m
A L
N
‘ I ' Figu]re 10 ) ! | ! )
18




' I P S I I S T S T R T T

l

11 94nb 4

(WM)X dW0J-Z SHE (HI)IJYNOS INIOd’ L1S3H

0

Z

p= Qll
- €
- 2

*AHY¥Y  (S/HM) A
SYEZIO
| NS 2
: - N
— .l—w
| —
K
S 7 9
n

19




21 24nbyy ..

(WM)IX dWO0J-Y SWE (W1)3J4NOS LINIOG' LS3H *ABY¥I {(S/HM) A ,
: [ [ 0 - Sv €210 _
.~ 3 A vl —-lr-_——- .
Yy

(S) 1/7X-1

llllllllLlllllLIlllllllll[l




€1 a4nb 4

(WMIX dW0J-Z SuE8 (WI)0S 3JAIS0TexX3’ LSIH
b4 ! 0

LllIlllllJllLllliLl[llllJll

[ | Ql
71

- &

- -

(-

(S) I/x-1L

‘AHY2  (S/HM) A

SvECI
ol s laly

0
|

i ¢




p1 94nb iy

(WX)X dWOJ-4 9W8 (WT)0S 3JAISOIdX3* iS3H
[ c

LLI'LIIlllJlllle_lllllLl‘lLl

P
g

1 I Ql
Ny

- E-
L Nl
-

— [ -

e
o+
.

‘AB¥]  (S/WM) A
SvYeEcCc1t1oO

[/7X-1

(S)

| T I




G a4nbL4

(WX)X dWOJ-Z (W8 (K1)OS 3AIS04X3° 0001

N l 0

| IS TS P B T Y S P P T T T

A . . . J ¢|

f
r
(S} t/X-1

AN
WY
Av“?v

‘ABY¥D  (S/M) A
""S¥EZIG

1aobalaly




*

ol bttt bbb tat,

e oot - LS S vt (ML o ol & O 0+ ke

91 a4nb}4

(KM)X dWOJ-Y LWE (WI)0S 3JAISOI4X3* 000!

{

4

A1
LI
N —

‘ABYD  (S/UM) A

SvEZ1O
Lol labe} 5

— j—
- .

v

S T -0

0

24




LT 34nbyy

(WM)X.dW0J-Z 8WB (W1)3JUNOS INIQH 0001 *ABY¥D (S/WM) A

r/ ! 0 SvyeEcct!o
) | . v| —--—-—- N

(S) (/Xx-1
|
|
o

v‘r“ N Sl
1
w

llllllllLlllJllllLLll‘llllj




g1 a4nbi4

w . (W)X dWOJ-Y¥ BWE (WT)3J4N0S INIOJ 0001 “AUY¥D (S/UM) A

. é { 0 SvYyeEc1tlo
1 A v.l —-x—-—\r—n

Yyl
- €
- ¢

,I-—l

14

d Ll Lot bbb tatalatatlaty

T
(19
(S1 1/X-L




6L 34nbyd

/W Gp o g
®eH 08/W) g°L =0

des/wn L)'l - ¢
Wi CE°pl =N 20 /W) 9p°'C =0

208/ £9°0 « ¢
WH Lp°l oK 223/WH L) e ®

*11joid pojOIS

WY gLl -0

iH €S0 - tHEE

pojied (Ipow swy

potsed yji00 e 9y
‘IoA § 930ds}|oy |opow = wug
|oA § ed0ds)joy YiiDe o sug

Yibuej (epow suwq

Yibua) yysoe « a4

Wy . wg /e o wugseug a9

27

e § ¢




TRINITY-MILL RACE SEISMIC EXPERIMENT
R.E. Reinke

B.W. Stump

SITE CHARACTERIZATION AND SEISMOLOGY SECTION
AIR FORCE WEAPONS LABORATORY

K.H. Olsen

GEOPHYSICS DIVISION

LOS ALAMOS NATIONAL LABORATORY




ABSTRACT

The proximity of the MILL RACE test site to the Trinity'site where the
first atomic bomb was detonated in July of 1945 offered a unique opportunity
to compare the unusual appearing seismic waves recorded on the Trinity event
with those excited by MILL RACE. Two of the Leet seismographs used to record
the 1945 Trinity event were obtained and fielded on MILL RACE alongside modern
digital instrumentation in an effort to verify the Trinity seismograms. Due

to failure of the Leet instruments, the experiment was only partially successful.
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1.0 INTRODUCTION

The MILL RACE Event was sited in the eastern margin of the Jornada del Muerto

Valley, roughly six kilometers south of Trinity site, wherg-the first atomic bomb
was detonated in 1945 (Figure 1). Several measurements were mad¢ of the strong
seismic motions excited by the Trinity Event. Five Leet 3-component strong
motion mechanical seismographs recorded the Trinity motions at five di fferent
ranges and azimuths (Reference 1). The seismogra@ from one of these stations

(8.2 km north of Trinity) was discussed by Leet in a 1946 paper (Reference 2) and

has been the subject of some controversy since Leet gave the name "Hydrodynamic
Wave" to one unusual appearing section of the seismogram becausé the particle
motion was prograde and elliptical, resembling that of a water wave (Figure 2).
In a 1962 paper (Reference 3), Leet suggested that the "Hydrodynamic Wave"
emanatéd only from explosions and might be useful in discriminating between the
seismic waves produced by nuclear explosions and those resulting from naturally
occurring earthquakes.

The DICE THROW Event, fired a few kilometers west of Trinity in 1976, was
recorded by a fairly extensive array of close-in seismic stations utilizing modern
analog dnd digital instrumentation. Some of the seismograms (Figure 6) recorded
from this array closely resembled Leet's 1945 Trinity record (Réferences 4 and 6).
Reference 4 attempted to explain Leet's "Hydrodynamic Wave" and the similar
appearing waves observed on the DICE THROW Event as higher mode Rayleigh surface
waves. The availability of the original Leet instrunents for the MILL RACE Event
offered a unique opportunity to once again record the "Hvdrodynamic Wave" on the
original Trinity instrumentation. By placing modern digital instruments along-
side the Leet seismographs, it was hoped that the Trinity seismograms could be

ver{fied.
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2.0 DESIGN OF THE EXPERIMENT
2.1 The Leet Sedsmographs. .

The Leet instruments were designed and constructed primarily for the regis-
tration of vibrations from dynamite blasts, traffic, machinéry, and general indus-
trial sources. The instruments have roughly a magnification factor of 25 for
frequencies above 3 Hz. The seismograph 1is optical and mechanical in operation
in that mirrors are attached to each of the three inertia elements. Light frow a
single filament galvanometer lamp is reflected from the mirror and onto a moving
strip of photographic paper after being reflected several more times in order
to lengthen the optical path and, hence, increase the magnification (Figure 3,
Reference 5).

A total of five Leet 3-component strong motion seismographs were set out
to record the strong motion seismic waves resuiting from the Trinity Test. In
addition to the one at 8.2 km north, they were also placed in the neighboring towns
of San Antonio, Carrizozo and Tularosa and at Elephant Butte Lake (Reference 1).
Two of these original instruments were found to be in the archives of the Los
Alamos National Laboratory (LANL). LANL archive personnel were kind enough to
grant permission to field the Leet'instruments on the MILL RACE Event.:

The Leet instruments were found to be in fairly good condition after some
36 years in storage, with the exception of some missing parts. Missing from one
instrument were several gears from the camera drive train and the camera itself.
The other instrument was complete and in operating condition. Using the complete
instrument as a model, LANL technicians were able to fabricate the camera and
drive train sections missing from the second instrument.

The instruments were then bench tested, whereupon, it was discovered that

the film moved past the camera slit at a speed of only about two inches per minute
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rather than the average speed of about four inches per second mentioned by Leet
in Reference 5 and roughly the apparent film speed of the instrument which pro-
duced the record from Trinity (References 1 and 2). Apparept]y. the two archive
instruments were used at the more distant ranges on Trinity where a longer
recording time was needed, and resolution of the higher frequencies was not so
important. To remedy the problem, the LANL geophysics division procured two higher
RPM motors which were installed by AFWL/NTESC technicians, bringing the average
film speed to near four inches per second.

Several additional problems were encountered during the fielding of the Leet ]

instruments. The seismographs were designed to operate on 110 volt, 60 cycle A.C.

power which was not available at the desired station location. This necessitated
the use of two 24-volt D.C. to 110-volt A.C. inverters to provide the required
power, .Since safety requirements associated with the MILL RACE Drone experiment
prohibited the manning of the Leet seismograph station, a way was needed to turn
the Leet instruments on shortly before shot time. Initially, it was decided to

use timers to apply the 24-volt power supply to the inverters approximately 30
seconds before shot time. This plan was ruled out when it was learned that,
because of the drone experiments, shot time would not be known in advance to within
two or three minutes.

The lack of advance knowledge of the shot time made it necessary to find a
way to turn cn the Leet instruments remotely from the observation point. To
accomplish this, AFWL/NTESC modified a radio-controlled firing system normally
used for firing explosive charges while conducting seismic refraction surveys.

The system was modifi~d so that, rather than detonating a charge, 24-volt power
was switched on to the inverters, which in-turn supplied 110-volt A.C. power to

the Leet instruments.
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2.2 Modern Instrumentation Used and Instrument Locations.
Two station locations were selected for the MILL RACE Event (Figure 1).
One was approximately 8 km slightly west of north of MILL RACE; the other was
approximately 8 km west-northwest of the MILL RACE Test Bed; fhe northern loca-
i tion was approximately along the same radial from Trinity as was the Leet
‘ f seismograph station on the Trinity Event. It was.of course much nearer Trinity
H ‘ than the original 1945 station, but was at approximately the same range (8 km)
: from MILL RACE as the original station was from T;inity;
Both Leet seismographs were placed at the north station. Two modern
digital event recorders were placed alongside the Leet instruments for comparison
H ! purposes. These instruments record digital data directly onto magnetic tape
cassettes. They are equipped with event triggers so that recording will occur
when the amplifiers see a signal--if the definition of what constitutés a signal
is set correctly by the user. A 3-component 2 Hz natural frequency seismometer
was connected. to one digital recorder. Three 1 Hz vertical seismometers supplied
the input for the other three channel digital recorder. These three vertical
seismometers were set out in a linear array with 100-meter spacing--that is, the
three seismometers were set out on a single radial in increasing distance away
1 from the MILL RACE GZ. The purpose of this array was to obtain closely spaced
waveforms so that a phase velocity dispersion curve could be obtained for the
"Hydrodynamic Wave" and other portions of the surface wave train.

3.0 RESULTS

Out of 15 total channels (if film records of 1ight traces can be properly
referred to as channels), only six recorded successfully. The remote control
system did successfully turn on the Leet instruments; however, neither instrument

produced a seismogram of the event. The film in one Leet camera slipped off the
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take-up reel. The fiIh in the other Leét instrument did run; however, no traces
were visible after the film was deve!oped; Each camera is equipped with a s11¥
and spring loaded cover for the s1it which does not open unt{) the instrument
trap door is closed and locked (Figure 3). Locking the trip dbor also engages
the clutch for the camera drive. The camera door was one of the last things
checked the morning of the shot. This was checked by pulling up on the door
handle to ensure that the door was indeed locked. In this instrument, there was
evidently some play or misalignment in the system.which'aIIowed the door over the
camera slit to close just enough to block the 1ight beams. This situation had not
occurred in pre-event tests of the instrument, evidently, because the trap door
was not pulled.up to check for the camera drive engagement.

Only two of the three digital recorders operated successfully. Seismogtams
from these (the west and north 3-component stations) are shown in Figures 4 and 5.
The recorder connected to the three vertical seismometers did not trigger and
begin recording until arrival of the airblast. The average value of all three
channels is used to activate the record trigger. In this case, the three vertical
seismometers were placed at increasing distances from the blast so that the sep-
aration between the seismometers was, in general, on the order of one-quarter to’
one-half the wavelength of the incoming ground motions, resulting in destructive
interference and explaining why the recorder did not trigger.

Examination of the two 3-component records obtained from the north and west
stations reveals that amplitudes are somewhat lower than those observed at similar
ranges on the DICE THROW Event. In addition, the amplitudes observed at the west
MILL RACE Station -2re roughly a factor of two higher than those at the north
station. Neither of the records bears a strong resemblance t~ *he Trinity or DICE

THROW records (Figures 2 and 6). This suggests that the geologic structure




underlying the travel path between the ﬁILL RACE 61 and the north station,
especially, s sﬁa]louer (the alluvial thickness is less) and perhaps less
uniform than the Trinity or DICE THROW GZ to recording station travel paths.
4.0 CONCLUSIONS |

This experiment was only a limited success. Due to freakish eduipuent
failures, the two Leet instruments originally used on the Trinity Event did not
produce seismograms of the MILL RACE Event. Tyo oug of three of the modern 1nstru?
ments did record successfully. The digital record at the north station, however,
bears little similarity to the Leet seismogram of the Trinity Event or to
seismograms of the DICE THROW Event which are similar to the Trinity Seismogram.
This suggests that the geologic structure associated with the path from MILL RACE
to the north station is somewhat different from that along the path from Trinily
to the Leet seismograph station. If future large high-explosive shots are to be
fired in the Trinity-MILL RACE area, the Leet instruments should again be fielded;
however, the station location should be, probably, placed on an azimuth 10 or 20
degrees west of the MILL RACE radial in order to mive into a more favorable

geologic structure for reproducing the "Hydrodynamic Wave.®
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Figure 1.

Seismic Station Map for MILL RACE
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Figure 2. Leet's Trinity Seismogram
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. Leet three<component portable seismograph. (1) Koobs

trolling leveling feet; (2) camera handle; (3) knob Iu(IZ:kim tnertia

mbe!; (4) camera; (8) viewing alit; (6) light-source housing; (7)

cylindrical Jens; (8) hall-silvered mirvor; (0) adjustable mirror; (10)

mne.r«lrin chutch; (11) Uming-line shutter; (12) timing-ling Lght

housing; (13) timing fine mirrar (14) and (17) plane misvors; (18) '
poipt of refiection; (16) permanent magnet; (18) locking nut; (19)

spring; (20) and (27) inertia members; (21) magnet poles; (22) damping

vane; (23), (24) and (26) inertia member mirvors; (25) stabilizing

spring; (28) condensing lens; (29), (30), and (31) fixed mirrors.

Figure 3. Drawing of Leet Seismograph
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MILL RACE LEET STATION (NORTH)
RANGE 8.0Km

Figure 4. Seismojrams from North Digital Recorder
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" MILL RACE WEST STATION
RANGE 8.0Kkm

Figure 5. Seismograms from West Digital Recorder
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Seismogram from 7.5 km North of OICE THROW
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Figure 6.







